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SECTION I

INTRODUCTION

At present, this laboratory, in cooperation with the Goddard Space Flight
Center, Aeronomy and Meteorology Division, is under contract with NASA to de-
sign, construct, test and calibrate an instrumented package capable of meas-
uring certain atmospheric parameters on the moon's surface for the purpose of
determining the lunar atmospheric structure. This package is to be flown on
one or more of the Surveyor soft-landing lunar vehicles to be launched in

1965,

This report is the result of a study conducted to obtain information
about known facts and theories concerning the lunar atmosphere and to postu-
late a theory of its structure. The problem that presents itself here is that
the moon's surface atmosphere is almost certainly an exosphere, whose char-
acteristics are determined not only by the moon's presence and gaseous con-
tribution itself but also by the effect of the solar wind on the surface mate-
rials and gaseous envelope. Since the solar wind itself is not well under-
stood, theoretical determination of the structure of a lunar atmosphere be-
comes complex, and at best only order-of-magnitude effects of the various
known inputs can be determined by theoretical means. The over-all effect of
all inputs on the lunar atmosphere has been a subject of much debate and will
be known only when we can measure experimentally the parameters, such as neu-
tral number densities of the various constituents, ion number density and
particle temperatures.

Section II of this report delineates the limited experimental and obser-
vational results to date of measurements of the physical properties of the
lunar atmosphere, "solar wind," lunar magnetic field and lunar surface temper-
ature. 1In Section III, the general concepts of the lunar atmosphere are dis-
cussed with reference to the mechanisms which affect an exosphere. A simple
model of the lunar atmosphere is described in Section IV, Sectlon V describes
the experimental measurements to be made by this laboratory, the expected
problems and the meaning of the expected results. Since the period between
July of 1964 and July of 1965 is expected to be a period of minimum solar
activity, we will be concerned here primarily with conditions during "quiet
sun,"



SECTION II

A SURVEY OF EXPERIMENTAL AND OBSERVATIONAL RESULTS

A. THE IUNAR ATMOSPHERE

For a long time, astronomers attempted to find some evidence of an atmos-
phere on the moon, but their results showed that the lunar atmosphere is prac-
tically non-existent. A summary of the attempts to find evidence of the lunar
atmosphere by using refraction phenomena, spectroscopic methods, and the
brightness and polarization of the scattered light has been given by Sytins-
k&ya.l Here, we will only mention the measurements of the French astronomer
Dollfus,2 which have been the most sensitive attempt at an optical determina-
tion of the density of the lunar atmosphere. Dollfus' results do not give a
positive determination of the density; rather, an upper limit for the density
is set by the sensitivity of his apparatus. In measuring the polarization of
the scattered light from the moon, Dollfus showed that the density of the lunar
atmosphere is less than 1079 of the density of the terrestrial atmosphere at
sea level, which corresponds to a number density of about 1010 particles/cm3.

Similarly, an upper limit for the density of electrons in the lunar at-
mosphere at the surface was derived By Flsmore.’ On the basis of a refrac-
tion of radio waves of 3.7 meter wavelength estimated from the difference be-
tween the observed and calculated times of obscuration for the lunar occulta-
tion of the Crab Nebula at Cambridge on Jan. 24, 1956, Elsmore deduced an
electron density of about 105/cm3 in excess of that of the surrounding inter-
planetary medium. He estimates that the density of the atmosphere at the
surface of the moon is about 2 x 10715 of that of the earth's atmosphere at
normal temperature and pressure, or about 5 x 106 particles/cms. (It is in-
teresting to note in this connection that Jan., 1956 appeared approximately
halfway between sunspot minimum and sunspot maximum. Thus, the density during
quiet sun, or sunspot minimum, would be expected to be somewhat different.
This will be discussed in Section IV.)

Evidence of an increased electron density in the vicinity of the moon
has also been given by Krasovskii.} On the basis of ion trap measurements
performed on Soviet cosmic rockets, he states that the density of ionized
particles at a distance of some radii from the earth is of the order of sev-
eral thousand ion pairs/cm® or less, and that somewhat higher currents between
the electrodes of an ion trap were observed near the moon.

B. THE SOLAR WIND AND THE INTERPLANETARY MATERTIAL

Because the lunar atmosphere is so tenuous we expect that the interplan-
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etary medium may have a considerable effect on its structure. It appegrs that
the moon's surface cannot possibly be shielded by its atmosphere from the
interplanetary medium or the solar radiation. In addition to the electromag-
netic radiation, the sun also emits radiation in the form of charged particles.
As shown by Herring and Iicht,5 these have a considerable effect on the lunar
atmosphere. The following is a summary of the evidence concerning the cor-
puscular radiation, which has been called by Parker® the "solar wind."

Based on the observation of the acceleration of Type I comet tails,
Biermann( has presented evidence for the presence of an outward streaming com-
ponent of ionized gas from the sun. He suggests that the solar corpuscular
radiation consists of ions and electrons in the same number, about 107 to 105/
cm®, which are emitted from the sun with ordered velocities of about 1000 km/
sec. In a discussion of Biermann's paper, Kiepenheuer8 has derived a lower
limit for the particle density of about 6/cm3 assuming a velocity of 1000 km/
sec. In a series of papers® Parker summarized various geomagnetic effects
which are assumed to be associated with discrete solar streams from an active
sun. From these considerations, densities for quietest conditions appear to
be at least 100 ions/cm® with a minimum velocity of 500 km/sec. Parker? as-
serts that the corpuscular radiation represents an outward streaming of mat-
ter from the sun that is hydrodynamic in character: it congéists of an elec-
trically neutral plasma in which the mean-free-path for interparticle colli-
sions is small compared with the dimensions of the flow. Using the hydro-
dynamic equations, Parker shows that the solar corona must expand, and he be-
lieves that the interplanetary material and the solar corpuscular radiation
are both merely the hydrodynsmic continuation of the expanding solar corona.

The density of the interplanetary material has also been estimated from
the results of optical measurements. In Feb. and March, 1952, Behr and
Siedentopflo observed the brightness and the polarization of the evening zo-
diacal light., (This was a time of relatively quiet sun, since sunspot min-
imum occurred in 1954,) After examining the polarized component of the light,
they concluded that the electron density in the vicinity of the earth is about
600/cm3, assuming that the scattering of light by free electrons 1s entirely
responsible for the polarized component. However, Blackwell and Ingha'mll have
concluded from their data that the scattering is almost entirely due to dust
and that it is unlikely that the electron density in the vicinity of the
earth exceeds 120/cm3.
Direct measurements of corpuscular fluxes have been reported by G-ringauz.12
He states that during the last part of the trajectory of Iunik IT, positive
collector currents in jon traps were recorded which correspond to positive ion
fluxes of about 2 x 108 ions/cm® sec. (Geomagnetic disturbances during this
porticn of the flight were characterized by a K-index of 5, which indicates
a moderate disturbance level.) During the flight of space probe IV launched
in the direction of Venus in Feb., 1961, currents were recorded which correspond
to a density of positive corpuscular flux of about 109 ions/cm® sec. (Shortly




after these readings were taken, the commencement of a magnetic storm with
amplitude of perturbation of the horizontal component of the geomagnetic field
of 10~5 gauss = 100y - was observed, an average magnetic storm which is con-
sistent with a K-index of 5.) Both of the Russian results would be expected
to give fluxes greater than those expected during quiet sun. However, these
results are smaller than Parker's estimate of the minimum flux for quietest
conditions of 5 x 109 ions/cm® sec corresponding to a density of 100/cm3 and
a velocity of 500 km/sec.

C. THE SELENOMAGNETIC FIELD

Since the solar wind is expected to have a considerable effect on the
lunar atmosphere, and the stream of charged particles will be affected by any
magnetic field, it is of interest to know the magnitude of the magnetic field
of the moon. A magnetic field would shield or markedly change the influence
of the solar wind upon the lunar surface and atmosphere. A criterion for
shielding has been given by Parkerl? sas

o
2 avg 8x

It will be seen in Section III-C that a good estimate for the density of the
ordered translational kinetic energy in the solar wind is about 5 x 10'8 ergs/
cm3. The field required by the sbove formula for shielding is therefore

B =1.12 x 1072 gauss = 1127y,

The Russian scientists Dolginov, et 2&.,lu have reported an attempt to
measure the magnetic field of the moon. They state that the magnetometer
aboard Space Rocket II did not detect a magnetic field up to 50 km from the
lunar surface, and that if the moon had a magnetic field whose intensity at
the lunar surface exceeded 100y, it would have been detected. Therefore, it
appears that the moon is not effectively shielded from the solar wind by its
magnetic field. However, it is possible that the lunar magnetic field itself
is greater than 100y, but that the solar corpuscular radiation, deflected in
that field, creates a current having a magnetic field which tends to cancel
the lunar field. This has been discussed by Neugebauer.l5

D. THE IUNAR SURFACE TEMPERATURE

The structure of the lunar atmosphere will be greatly affected by the
surface temperature of the moon. High surface temperatures will increase the
escape of molecules from the vicinity of the moon because of the high veloc-
ities which they can acquire upon contact with the surface. Low surface
temperatures can cause condensation of atmospheric volatiles on the lunar




surface if their partial pressures exceed their vapor pressures at that temper-
ature. It is therefore of interest to know the variation of temperature on
the surface.

Measurements of the lunar surface temperature were made by Pettit and
Nicholson'® in 1927 and by Pettitl7 in 1939. Although these measurements were
made over twenty years ago, they are still the most valuable measurements
which we have of the lunar surface temperature. During the eclipse of June
lh, 1927, Pettit and Nicholson determined the temperature of a small area near
the border of the lunar disc. With an improved technique Pettit observed the
temperature of a small area near the center of the lunar disc during the
eclipse of October 28, 1939. Pettit and Nicholson found the temperature of
an area opposite to the sun to be 120°K, with an uncertainty of 13% corre-
sponding to the probable error of 50% in the recorded amount of radiation.

The temperature near the center of the lunar disc at full moon, as found by
Pettit just before the beginning of the 1939 eclipse, was 370°K. These ob-
servations were discussed by Wesselink,l who gave a predicted curve of the
variation in surface temperature of an area near the center of the lunar disc
during a lunation. Given in Fig. 1 is a curve similar to Wesselink's except
that it has been shifted by about 30°K, so that the maximum temperature is
4OO°K. This curve has been used in the thermal design of the instrument pack-
age as stipulated by the Jet Propulsion lLaboratory. It can be seen from this
curve that a reasonable average temperature for the sunlit side is about 300°K
and a reasonable average temperature for the night side is about 130°K.

The curve labeled Tp is the expected variation in the instrument package
temperature which is discussed in Section V.
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SECTION III

SOME GENERAL IDEAS CONCERNING THE LUNAR ATMOSPHERE

In this section, we discuss the equations governing the density distri-
bution in an exosphere, and an isothermal atmosphere, the possible sources of
gas for the lunar atmosphere, the effect of the solar wind on the lunar atmos-
phere and the molecular escape mechanisms. In all cases, it will be assumed
that there are no collisions between neutral particles, since their mean-free
path is long compared with their ballistic trajectory. The so-called base of
the exosphere is, therefore, taken to be at the lunar surface. This and other
assumptions are discussed in relation to their use in the presentation of the
model lunar atmosphere in Section IV.

A. THE MOLECULAR DISTRIBUTION FUNCTION AND LIOUVILLE'S THEOREM

We could determine the structure of the lunar atmosphere if we knew, at
any given time, the positions and states of motion of all of the particles up
to a great height @bove the lunar surface. For a given particle, we know the
necessary information if we are given, as functions of time, its three posi-
tion coordinates, q;, 4», 43, and their three conjugate momenta, p;, P2, Ps.
The motion of the particle is described by the solution of the equations of
motion

. OH
8, - %;I_s, by = - 5o s =1,2,3, (3-1)

subject to certain initial conditions, where H is the Hamiltonian function for
that particle. If the particle is not charged, and if we can neglect colli-
sions between the particles, the Hamiltonian function in terms of rectangular
coordinates with origin at the center of the moon is

1 mMG
H(XJy}Z)Px;Py’Pz) = E (PXZ + Py2 + PZ2) - T (3'2)
x2+y2+z2

for

Nx2+y2+z2 > rg .

Since collisions are to be neglected, the initial conditions for the motion
need to be specified only after an encounter with a solar wind particle or




after the particle strikes the lunar surface. The motion of the particle may
be represented by the path of a point in the six-dimensional space whose co-
ordinates are q;, 4z, 43, P1, P2, Ps, the phase space of the particle. - Through
any given point in phase space, perhaps given by the initial conditions, there
passes a uniquely determined path for the representative point of a particle.

Since the determination of the motions of the large number of particles
in the atmosphere is practically impossible, we must introduce some statis-
tical postulates. These are discussed by Present.19 Here, we assume the
existence of a function f(qg;, 9=, Qa, P1, P2, P3s, t), such that fdg;---dps is
the number of particles at time t whose motions can be represented by points
in phase space located in the element dQ with boundaries q;, Qi+dq;, **°* DPs,
pa+tdps, and having extension dq; --. dps. The function f is called the molec-
ular distribution function and represents the density of the representative
points in phase space. Its use is illustrated by the way in which we find the
spacial density and temperature. The density is given by

n(Ql)qZ’Q.B) = MfdPldPZdPB ) (5'5)

where the integration is carried over the limits of the momenta. The so-
called kinetic temperature T is defined by

2 L e -
S KT 5 mc” (3-4)

where C is the root-mean-square speed:

I[/ c®fdp,dpedps (3-5)

and fdp,dpgodps is expressed\in terms of c, the particle speed.

c® =

Bl

The question arises as to how one can find f. It can be shown to be the
solution of a partial differential equation, as follows: imagine a cloud of
representative polnts in phase space whose density at any point at a given
time is f. The cloud will move in phase space, as each representative point
traverses its dynamical path, and will pass through a stationary element 4Q.
The representative points crossing the face of dQ normal to the py direction,
which has area dq; e-=- dpa/dpi, have a component of velocity, in phase space,
Py normal to that face. The rate of increase in the number fdq; -+ dpsz of
representative points in dQ due to motion across this face is

£p; dda -~ dpg dp] .
dpi Py

10




There is a loss

P dgy =-- GP%]
1
1 dpyrapy

due to motion across the opposite face, and so the net increase is:

S day v dps = - (£p)day *vv dps . (5-6)
>
Pi Py +dp4 dpy Py

Summing over all the six pairs of faces, the net increase in the number of
representative points in 4dQ is

p)
d_ (et d J
- — (f§g) + — ){da; --- dps .
Z [aqs( s) + 5 (£Dg) {daa Ps
s=1
This is also equal to the rate of increase of f in the fixed element 4,

of
ggdql *+* dps .

We may write, therefore,

>

of Z O (ray) + <> ] =0 -
2L [ (a9 + 52 (23) . (5-7)

Using the equations of motion, this may be written

3

dFf y Mdr . of :l

— [ - = 0. -8
S=

But this simply says that the substantial derivative of f in phase space
vanishes:

M .o, (3-9)

Thus, the density of representative points remains unaltered as the motion pro-
gresses, which is the statement of Liouville's theorem.




The general solution of the above partial differential equation is

f(Qy, - ,pa) = FlIi(qy,--+,pa), " ,Is(q, - ,pa)] (3-10)

where F is any arbitrary function and the I's are six integrals of the motion,
which may be the initial conditions, and they may include constants of the
motion such as the Hamiltonian and the angular momentum. To show this, sub-
stitute into the equation:

Df DF
__=._=Z§E_11_ (3-11)
Dt Dt

This is identically zero because the integrals of the motion are defined by

ii = 0. The general solution can be used if we have enough additional infor-
mation about the function f to determine it uniquely. This is equilvalent to
specifying the distribution of initial conditions, that is, by giving the func-
tion f over the entire phase space at some particular time. If the particles
all begin their trajectories at the surface of the moon, then the specifica-
tion of the function f at the lunar surface at some time will be sufficient.

In Sections III-C and III-D this is done for special cases.

B. THE MIGRATION OF MOLECULES OVER THE ILIINAR SURFACE

The plcture that we envisage of the lunar atmosphere 1s that of particles
traveling without collisions from the time they leave the surface of the moon
until the time they either return to the surface or are lost into interplan-
etary space. We would like to know just how far a given particle will travel
over the moon's surface, on the average, and what the length of time is during
its flight. This will give us an idea of how fast the particles are able to
migrate from one place on the moon to another.

Let us assume that a particle leaves the surface of the moon at an angle
Qo = 45° with the vertical direction and with a speed equal to the mean speed
T of the distribution of velocities characteristic of the tempersture T. If
we use the Maxwellian distribution formula, this is

T = Ff— (3-12)

(The values of T for various gases are listed in Table 1l.) We now want to
calculate the range as a function of T for various gases. For the lighter
gases, such as hydrogen and helium, the range will be comparable in magnitude

12




to the lunar dimensions. In spherical coordinates, the law of motion for a
particle near the moon with a total energy Ep and an angular momentum with
magnitude P is given as follows (see Goldstein<0) .

1 m2MG __[/m2MG\ 2, 2mEp
T e wm) T et v (5-12)

In this equation, ¢ is measured from the apogee of the orbit (see Fig. 2). For
a particle which leaves the surface r = rp with a speed T at an angle qg with
the vertical, the energy and angular momentum constants are given as follows:

i I U (5-14)

m 2 ro

g = Crosin o . (3-15)

ro|&

A&

Fig. 2. Particle trajectory coordinates.
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The law of motion can therefore be written

% A-Bcos vy, (3-16)

where

=
]

2 2
}; (Vorb/c)

and

B = 2 (Vorb * .1 _ /MNorb\2 ,
To T 2 T

for oy = 45°. Here, vgpp = de/ro is the orbital velocity at the surface;

its value is 1.68 km/sec. (This is the velocity for which a ciicular orbit

is possible just outside the lunar surface.) When r = ro, ¥ = 5 ¥, where WV
is the angular range in radians. The angular range is therefore given by

A 1 Vorb\ 2 _ %
- T T
cos £ = ° = = (3-17)

2 B Vorb)4 + 1. (Vorb 2
T 2 T

The range is then given by

1 /72 \2
1-3 <v b>
p = ro¥ = 2rparccos or , (3-18)

WIl‘c"* T \2
145 Gam) - Ga)
2 \Vorb Vorb

assaming T < vege, the escape velocity. (vege =V2 Vorp = 2.38 km/sec.) For
the heaviar atoms, such as argon, the ratio E/Vorb may be small compared to 1
(for argon at 300°K, it is equal to 0.24.) The asymptotic form for the above
equation for T/vgpp < < 1 is found as follows:

1L




©
"

2rgarccos < r

~ 2rparccos {1 - .
° { vorb) }

Since cosx:l—%xz, for x < <1,

—_ 2 - N2 —2
p = 2rg <__c_____> = rOGC ) <, (3-19)

orb g
2 Vorb

where g is the acceleration of gravity at the lunar surface , B = MG/ro‘?. This
is Just the expression which is found by neglecting the curvature of the sur-
face and the variation of the acceleration of gravity, by solving the equation
of motion

x = (T sinqy)t
1 (3-20)
(T cos o)t - 5 gt®

N
I

for the case 0p = 45°. The magnitude of the angular momentum constant is
given by P = mr®(dy/dt) for any time t. Therefore, the time of flight is
given by
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If E/Vorb is small compared to 1, the time of flight may be shown to have an

asymptotic form as follows:
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Since arctan x ~ x, for x < <1,
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(3-22)

This is just the expression found by neglecting the curvature of the surface
and the variation of the acceleration of gravity.
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For temperatures less than 267°K, the mean velocity for hydrogen is less
than the escape velocity, and formulas (3-18) and (3-21) are applicable.
(These formulas give an angular range 180° and an infinite time of flight, for
hydrogen at T = 267°K, when the mean velocity is just equal to the escape
veloecity.) 1In Fig. 3, we have plotted the range and angular range for hydro-
gen and helium, as functions of the temperature of the surface where the flight
begins, along with the asymptotic forms. For water vapor only the asymptotic
form is shown. Typical values of range and time of flight are given in Table
1. (The times of flight have been calculated using the asymptotic formula ex-
cept for helium and hydrogen; we have used the exact formula for helium.) Fig-
ure 3 shows that the range versus temperature curve is much steeper for hy-
drogen than for the other gases. This means that migration of hydrogen atoms
will be much more efficient from the hot side to the cold side than in the op-
posite direction. Therefore, even though hydrogen is supplied only on the
sunlit side, the density at the surface is likely to be fairly uniform over
the entire surface of the moon.

TABLE 1

ATMOSPHERIC PARTICLE RANGE, TIME OF FLIGHT AND SCALE HEIGHT

(T = 300°K)
Mean Thermal Range p and Angular Time of Scale ro2
Gas Speed, © Range ¥ (o = 15°) (km) Flight, Height, v
(cm/sec) (T = 300°K) (T = 130°K) tr (sec) h (km) (cm™1)
H 2.51x107% 263 2 1530%%  7.9x161°
(87°)
H 1.26x10° 1316 483 192 8 .3%10™9
e (43°) (16°) 923 385 5.3
0 .9hx10* 217 95.6 519 85.6 2.8x10-8
e oo (7% (3%)
Ar .98x10* 91.9 4.3 48 8.6 x10-8
5.99% (3.2°) (1.L°) 5 > l
I 16.5 20.1 -7
Kr 2. 75x10 240 18.4 1.5x10
© (1.5°) (0.7°)
b 29.8 12.8 191 11 2.3x10~7
Xe 2.19x10 (1°) (0.4°) 9 T . 3%

*Compare this with the escape velocity, vege = 2.37 X 107 cm/sec.
**Compare this with the lunar radius, ro = 1740 km.
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C. THE BAROMETRIC LAW

If no collisions take place between particles in the atmosphere, the dis-
tribution function is a solution of the partial differential equation

of ii £ of .1 _
AN LR

S

as we have shown in Section III-A. The assumption of no collisions will be
Justified later on in this section, and we will use it for now without Justi-
fication.

Iet us assume that the surface of the moon is at the constant temperature
T and that the atmosphere is in equilibrium out to large distances, that is,
Just as much mass, momentum, and energy is being transported outward as inward
at any given time and position. Then we can consider the particles to start
or end their flights, or both, at the lunar surface. In this case, the func-
tion f can be found if it is given at the surface; we assume of course, that f
does not depend upon the time explicitly: of/dt = 0. Let us assume that f
takes the following form at r = ry:

x )3/2 e PEE (503

f(rO,G ,55,Pr;Pg :P;é) = Do <_

f
© 27k T

where

2
P
2 2, 1 2 - VO - 2 2
D Py +';ZS<;b‘ + EE%%&) = m2(vx® + vy? + vz2),

and ny is the number density of the particles at the surface. This is simply
n, multiplied by the Maxwellian velocity distribution formula for a gas in
contact with a surface at temperature T. The only function of the kind
F(I,,--+»Ig) of Eq. (3-10) which takes the above form at r = ro is the fol-
lowing:

. (3-2L)

mMG 1
aneom) - o) ¢ e - Moo
di, sP3 nOEJrkT

This is the molecular distribution function, sometimes called the Maxwell-
Boltzmann distribution, for an atmosphere where the following assumptions are
valid:

1. No collisions take place between particles in the atmosphere.
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2. The entire lunar surface 1s at the same temperature T.
3. The atmosphere is in equilibrium out to large distances.

Although the assumptions valid for an isothermal atmosphere in equilibrium
with no collisions are not strictly valid for the lunar atmosphere, as de-
scribed in the next section, the results for this idealized atmosphere are ex-
tremely useful and instructive. If we integrate the Maxwell-Boltzmann dis-
tribution function over the entire momentum space, we get the spacial distri-
bution of density in the isothermal atmosphere:

n(r,8,4) = /f/ fap, dpgdpy
e |EMG L z_jﬂ
T o SR T\ T T
r
= ng exp l:f_cl (-9 - 1>] , (3-25)
h r
where
- kTry2 _ kT
mMG —  mg

This is called the barometric law, and h is called the scale height. The
scale height is a measure of the rate of decrease of density with increasing
height. Scale heights for various gases are given for T = 300°K in Table 1.
To help in visualizing the shape of the atmospheric distribution of density,
we plot, in Fig. L4, the scale height for hydrogen, helium, and water vapor at
the lunar equator, as functions of the angle which the sun makes with the
zenith,

l. Gravitational Condensation

We may now use the barometric law to calculate the effect of gravita-
tional condensation of interplanetary material: +the increase in density of
the interplanetary material near the moon. If this material were in hydro-
static equilibrium at the temperature T, then the ratio of the density at the
lunar surface to the density far away from the moon is given by

Bo | o/h (3-26)
nm J
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Fig. 4. Scale height vs. sun angle; dimensioned from center of moon.
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where

and m is the mean weight of particles in the interplanetary material. If we
take the interplanetary meterial to be fully ionized with a mean molecular
weight of about 1/2 and a temperature of about lO5°K, then the above ratio is

This is obviously too small to explain Elsmore's result for the increased elec-
tron density near the moon. The gravitational condensation of interplanetary
gas has been discussed by Firsoff,21 Brandt,22 and Singer.25

2. The Scale Volume

If we introduce the height above the lunar surface, z = r-rp, the baro-
metric law may be approximated as follows, for z < < rg:

n = no exp| 22 (rro ) )j' ~ noe Z/h- (3-27)

h otz

If the last expression were valid for all z, we could integrate to get '"the
total number of particles in a square centimeter column":

- h
No = JC ng e 2/ dz = nph . (3-28)

Although this number does not exist, since the number density does not really
go to zero with increasing height above the surface, it may give a good
estimate for the number of particles in the unit column which are associated
with the atmosphere, especially if the scale height is small in comparison

to the lunar radius: h < < rg. This is further substantiated by the work of
Herring and Kyle.gh They have derived the distribution of density in an
exosphere without assuming that it is in equilibrium out to large distances.
We will give their result in Eq. (3-46); they have shown by integrating this
equation numerically that the number of particles in a square centimeter column
which began their trajectories at the lunar surface is close to npgh for large
values of ro/h, although it departs considerably for smaller values of ro/h
than about 4O.
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The total number of particles which are assoclated with the atmosphere
is then gotten by multiplying by the surface area of the moon:

N = bkmrgZhng . (3-29)

If h < < r,, this is approximately equal to the density at the surface multi-
plied by the scale volume V, the volume contained between the surface and a
sphere at r = roth, We can then write this ficticious number as N = ngV, where
V, the scale volume is given by

L
Vo= 3 al(reth)® - 2% . (3-30)
If h<<rgy, Vo bury®h, and N is given by Eq. (3-29) above.

3. The Assumption of No Collisions

Finally, we wish to justify the assumption of no collisions in the lunar
atmosphere. The so-called Maxwell mean-free-path formula is

A= —— (3-31)

4 N2 wa2no

where wa® is the gas kinetic cross section of the particles. As a criterion
for a collisionless atmosphere, let us set the mean-free-path equal to the
scale height:

1 kT
S £, -3D
4 2 neng mg (5-32)

The upper limit for the density at the surface for a collisionless atmosphere
is then given by

np = ——H— (3-33)

b2 xa2kT

The smallest value of ny is given by this formula in the case of hydrogen. At
T = 300°K, Eq. (3-33) gives np = 2.5 x 10° atoms/cm3. Elsmore's estimate for
the upper limit of the density of neutral particles is of this order of mag-
nitude. Therefore, the mean-free-path for particles in the lunar atmosphere
is likely to be long enough to allow us to neglect collisionms.

25



Another way of justifying this is to compare the time of flight with the
mean-free-time. Using the Maxwell mean-free-path formula, the mean-free-
time is given by

T = L : (3-34)
l-l- \/E IfaznoE

For helium at 300°K, at a density of 106/cm3, the mean-free-time is T = 3762
sec. The time of flight is, from Table 1, 1923 sec., The mean-free-time 1is
calculated for a flight in a region of constant density, and since it 1s,
even so, about twice as great as the time of flight itself, we see that col-
lisions are unlikely.

D. CRITICISM OF THE USE OF THE BAROMETRIC LAW FOR THE LUNAR ATMOSPHERE

The following are the reasons why the assumptions valid for an isothermal
atmosphere in equilibrium with no collisions are not strictly valid for the
lunar atmosphere.

1. Collisions will always take place, even though they are extremely
infrequent. These will put some particles into bound orbits around the moon
which do not intersect its surface. The number of these orbiting particles
is difficult to calculate, and the motions of these particles are not de-
scribed by giving f at the surface.

2. The temperature of the lunar surface varies from about 4O0°K at the
subsolar point to about 120°K at the coldest parts of the. lunar surface. There-
fore, the function f cannot be given by the same expression over the entire
surface. Also, because of the long range of the atoms of hydrogen and helium,
these particles will always be arriving at certain places on the lunar surface
with velocities characteristic of the temperature at certain other places on
the lunar surface. The distribution function at any given place on the lunar
surface is very difficult to find because of this situation.

3. The atmosphere is not in equilibrium out to large distances; this
state would require an infinite length of time to establish. Because of this,
particles which leave the surface of the moon with velocities exceeding the
escape veloclty will be lost from the atmosphere, since they suffer no colli-
sions, and these will not be compensated for by particles coming from a large
distance, with correspondingly high velocities. The distribution of veloc-
ities will therefore be truncated for velocities directed toward the moon and
exceeding the escape velocity. (Also, the atmosphere will eventually escape
entirely, unless some supply mechanism exists on the lunar surface, because
of the escape, or evaporation, of the tail of the velocity distribution. The
rate of escape of the lunar atmosphere due to this mechanism is calculated in
Section III-E.)
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Iet us now find the distribution of density in the lunar atmosphere as-
suming only that no collisions take place and that the temperature of the moon
is constant over the surface. We will no longer assume that the atmosphere
is in equilibrium out to large distances. In this we use Liouville's theorem,
which was derived in Section III-A, which states that the density of repre-
sentative points in phase space, f (the molecular distribution function) is
a constant along a dynamical trajectory. It will be convenient to express f
as a function of position and velocity:

f(r:e’ﬁ,vfyvgyv¢) ’

rather than as a function of position and momentum, as we have done previously.
The relations which show how the velocities replace the momenta are as fol-
lows:

P, = mvr, bg = mrvg, p¢ = mr sin Gv¢ .
Liouville's theorem can then be expressed by the equation
f(r,@,é,vr,VQ,v¢) = fo(ro;go)éo)vroyvgo;véo) 3 (3-35)

where fy is the function f evaluated at the point on the surface where the
trajectory began. The variables in the two functions above are related as
follows, using the conservation of energy and angular momentum:

2MG 2 _ 2MG
T 7 Yoo 75
(3-36)
vr sin @ = vgrgsin op .

Here, v is the magnitude of the velocity, & is the angle between the velocity
vector and the radius vector ?, and subscripts o indicate the values of these
variables at the point on the lunar surface where the trajectory began. As-
suming the density at the lunar surface does not depend upon © or @, the
spacial distribution of density in the atmosphere is given by

n(r) = \[\u[\y[:>f(r,vr,vQ,v¢)dvrvadv¢ . (3-37)
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Using spherical coordinates, v, = v cos q, vg = vV sin o cos B, v4 =
v sin @ sin B, the integral is

21 7 o0

n(r) =J; j;j; f(r,v,a,p)vFsin o dvdadp . (3-38)

Using Liouville's theorem, this may be written as follows:

21 T 0
n(r) = f ff f£o(Tos Vo Oos B,) vosin o dvdadp . (3-39)
O o]

e}

The density can be found if we know the molecular distribution function at
the surface, assuming that each particle started its trajectory at the sur-
face. (The density of particles in bound elliptic orbits which do not inter-
sect the surface of the moon cannot be found in this way.)

To carry out the integration, we need to transform the volume element
dvdadp to one involving vo, Qp, and Bg. Using the relations in Eq. (3-36)
and the fact that B = B,, we find that the functional determinant has the
value

o(v,p) <l’9)2fgio_s._99 (3-40)
(Vo o, Bo) T A\v r cosqQ

The integral can then be wrriten as follows:

2 AT A
e ot
n(r) = JC JC JF £6(T oy Vo, 0oy Bo) Voo == 3282 o5 apdvedaedBo.  (3-41)

. r cos O
Vomin

Since the range of integration mnust be over the part of velocity space com-

patible with the relations in Eq. (3-36), i.e., only over those orbits which
intersect the sphere at ro and r, the lower limit in the integration over vg
is the minimum velocity for which a particle may reach the sphere at r if it
is emitted from ry at the angle Qy. From the relations given in Eq. (3-36),

we find
el - 3
ngin = ro > . (5"’)1‘2)
1- <§%) sin20,

To express the integrand entirely in terms of Vo, Og, and Bg, we again use
the relations in Eq. (3-36). We have
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(o] .
=22 R (3-L3)
cos o ‘ 2 : -
2MG 1 T'g .
'\,l+;5 'f"r_o'> -(?’) sin®ag

Therefore, the integral becomes

2%

T \Z vo2eos sin Qndvydoedf,
a(r) = f f f o(ro:vo:ao:Bo)<?g) = = oo Olo = '
° Nomin _‘jl + 2_111(_? i - _.o) = sineozo

(3-4b)

Now we use the truncated Maxwellian distribution for fg:
2 A
mv,
( a\3/2 EE%— 0 <vg<w and 0 < vy < Vege
n0<—g,fkT> € ’ 0<ac<n/fz /2 <a<x

{Vesc < Vo <

/2 <a<x J
(3-45)

(Note that the factors V02 and sin o have already been included, in the func-
tional determinants.) The integral can now be written as follows:

mvg2
Vesc - ZET

o - ol L s )3/2 T 2eos cpstn atvos
mve2

+ 2"(%0)2»[0 ﬂ/vvm (m ) ¥ e 7 Vo2cos Qpsin dpdvedag

Do\ Z7ET
esc X ,\/l 31:(; 1 > (_) sinzao (516)

2L

This result has been obtained by 6pik and Singer25 and by Herring and Kyle.
The latter authors have evaluated the integral as follows:
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For values of r/ro close to one, the above equation departs very little
from the barometric law, particularly in the case of a heavy gas such as argon.
For larger values of r/ro, the above equation gives values of n(r) /no consid-
erably smaller than the barometric law, and the ratio n(r)/ng goes to zero as
r/ro gets very large. This is a more realistic result than that given by the
barometric law, which predicts the constant value e~ 'O b ofor n(r)/ne as r/rq
becomes very large.

E. THE JEANS EVAPORATION FLUX

In Section III-D we mentioned the fact that some high velocity particles
will escape from the atmosphere and will not be compensated for by incoming
particles. This evaporation of the tail of the velocity distribution was
first discussed by Jeans.® Since the escape velocity at the surface is

Vese = 'J2MG/rO R

the number of particles which leave one cm® of the surface/sec with velocities

exceeding the escape velocity is

Jy = \[ZY’fO vzdvxdvydvy . (3-48)

2MG
(vy >0, v, + Vya + V2 > —;;
mN\3/2 [ - mc?/2kT
Jg = no<é kT) T e c3dce
* JaMe/r,
C - r,/h
- L e o/ (x +§a) : (3-19)
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The Jean's evaporation flux is seen to be a sensitive function of the
quantity

romg
kT

5

The smaller the mass of the atoms and the higher their temperature, the more
readily they escape by this process. In order for the density of any gas in
the lunar atmosphere to be constant over long periods of time, some supply
must exist to balance the escape of gases by this and other processes.

F. SOURCES FOR THE LUNAR ATMOSPHERE

It will be seen in Section IV that an atmosphere cannot exist on the moon
without having a continuous gas supply from some source. In this report we
will consider the following sources.

(a) The Solar Wind, as a Source of Neutral Hydrogen and Helium.-—We as-
sume that every positively charged particle from the solar wind which strikes
the moon's surface is confined within the crystal latticeaf the surface mate-
rial for a certain length of time and then re-emitted as a neutral atom, such
that the velocity distribution of the emitted particles is Maxwellian at the
temperature of the surface where they are emitted. (The velocity distribution
we are speaking of has only velocities directed away from the surface, so it
is not Maxwellian in the strict sense.) We assume that the number of par-
ticles does not buildup in the surface layer, so that the incoming flux of
charged particles equals the emitted flux of neutrals, and we call this proc-
ess "diffuse reflection.”" (Actually, a certain number of the particles will
be specularly reflected aml not accommodated to the surface temperature, and
possibly not neutralized, but for simplicity we neglect these.)

(b) The Supply of Ho0, COp, and SOp From the Crustal Rocks, From Hot
Springs, From Lava Flows and From Volcanos, and the Supply of HoO From Trapped
Ice.—Assuming that the composition of the moon is similar to the earth's
crust and mantle, and that the yearly yield of volatiles is proportional to
surface area, Véstine27 predicts equivalent source strengths for these gases
on the moon as follows:

H=0: L4.5 x 1010 molecules/cm® sec

COz: 1010 molecules/cm? sec

8

SOs: 1.6 x 10° molecules/cm® sec.
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It is unlikely that the actual source strength for water vapor is as
high as that given sbove. If appreciable amounts of hydrated silicate were
present in the material that formed the moon, it is possible that water could
be trapped below the surface as permafrost. Since the temperature at shallow
depths is so low that the evaporation rate would be very small, all of the
water contained in the moon could not escape readily into the atmosphere. The
possibility of permafrost on the moon has been discussed by Gold.28

Watson, Murray, and Brown~? have discussed the possibility of ice being
retained on the moon on portions of its surface which are permanently shaded
from the sun. If these portions of the surface are at a temperature of about
120°K, the estimated evaporation rate is 10-15 grams/cm2 sec, which is about
3 x 107 molecules/cm2 sec. These authors estimate that the fraction of the
lunar surface that is permanently shaded is most likely about 0.005. The
equivalent source strength for water vapor based upon the entire lunar surface
is therefore about 1.5 x 109 molecules/cm? sec.

Although the estimated source strengths for COp and SOz are high enough
that these gases may constitute an appreciable portion of the lunar atmosphere,
they will be ignored here because of the impossibility of treating them with
the simple model of Section IV, where photochemical reactions and chemical
combination on the lunar surface are not considered. It must be stressed,
however, that our simple model will give only a minimum estimate for the lunar
atmospheric density, because we have not considered these gases.

(e¢) Natural Radioactivity of K#O as a Source of Ar.—Assuming that about
0.12% by weight of the moon 1s composed of potassium, of which about 0.011%

is O, and that each gram of KAO has produced 0.1 gram of Ar by electron
capture or positron decay processes, as has apparently been the case for the
earth, then Vestine®! calculates that the number of atoms of Ar produced/cm?
of the lunar surface over a period of 3 x 109 years would be 4.0 x 10°2 atoms

of Ar/cm2.

The half-life of K'C 1s about 1.k x 107 years, and the activity is not
constant over any period of time comparsble with the half-life. If a(t) is
the activity in disintegrations/sec, per cm2 of surface, then

N t/tl/z

a(t) = ao , (3-50)

where ap is the original activity and tl/2 is the half-life. The number of
atoms of Ar produced/cm2 of surface in a time t is

t

N(t) = fo a(t)dt = %(1 -2 t/tl/z) . (3-51)
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Therefore, the activity at time t is

a(t) = N( £n2) . (3-52)
t1/2(2t/t1/2 -

Using N = 4.0 x 10°°/cn® and t = 2ty /s, we find a = 1.9 x 10°/cm® sec. As-
suming that the time of outgassing for the Ar atoms is much smaller than the
half-life, the source strength of Ar at the surface is the same as the activ-
ity, 1.9 x 10° atoms of Ar/cm2 sec.

(d) Production of Krypton and Xenon b by Spontaneous Fission of U238
Decay of 1129 and From Primeval Gases Trapped in Rocks and Released by Meteor
Bombardment . —These Processes have been examined by Edwards and Borst. 30 The
prrimeval gases give the largest contribution; in a layer 10" cm deep they give
the following values for the total number of atoms:

Kr: 1033 atoms

Xe: T x lO31 atoms
If we assume that these are released at a constant rate over the entire sur-
face by meteor excavation over a period of 3 x 109 years, the equivalent
source strengths are:

Kr: 2.8 x 1072 atoms/cm® sec

Xe: 2 x 1072 atoms/cm2 sec.

TABLE 2

ASSUMED SOURCE STRENGTHS

Source Strength

Gas (atoms/cmz sec) Area of Source
H .93 J o2

He 7x10727 702

Hs0 1.5x107 b2

Ar 1.9x10° b2

Kr 2.8x1072 byr o2

Xe 2x1075 hyr o2
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G. THE EFFECT OF THE SOLAR WIND ON THE LUNAR ATMOSPHERE y

1. Assumptions Concerning the Solar Wind

To calculate the effect of the solar wind on the lunar atmosphere, we
must make some specific assumption about the parameters of interest. Since
the solar wind flux, J, is known to vary with solar activity, but its magni-
tude is not well known for any specific level of solar activity, the densitiles
of atmospheric gases predicted by our model in Section IV will be presented
as a function of J, for values of J between 107/cm2 sec and 1015/cm2 sec.

We must, however, be more specific for assumptions concerning the veloc-
ity of the solar wind so that we may predict the elastic scattering and charge
exchange cross sections for the various atmospheric gases. For the mean flow
velocity of the solar stream, we will use the value <Iu>avg = 500 km/sec, which
is, according to Parker,” the minimum velocity for a quiet sun. This assump-
tion is somevhat incompatible with our use of a variable flux; however, we
are primarily interested in conditions during quiet sun, and the problem is
much less complicated if we make the assumption that <u>gyg is constant.

To exemplify the use of the equations in Section IV, we will use the
value J = 109/cm2 sec. Since this is the highest flux measured by the Rus-
sians during an average geomagnetic storm, we would be persuaded to assume
an average value of J for quiet solar conditions less than this. However,
the majority of the remaining theoretical evidence is for higher values of
J, even during quiet solar conditions. More recent measurements by U. S.
satellites corroborate the Russian measurements, so that a flux of about
109 part/cm? sec is a reasonable value to assume.

The above two assumptions for J and <u>avg force us to use the value
n = 20/cm3 for the number of ion-electron pairs/cm® in the solar wind. Hinter-
regerBl has shown that the ratio of densities of neutral and lonized particles
in the interplanetary space is unlikely to exceed 1077, Because this is the
result of considering only photoionization, we expect this ratio to be even
lower when the ionizing effects of the solar wind are taken into considera-
tion. Therefore, we will neglect the presence of any neutral particles in
the solar wind and assume that it is completely ionized.

The gquestion now arises concerning the temperature of the interplanetary
gas, or the solar wind. Pottasch3? has computed the temperature distribution
from 1.0043 to 20 solar radii in the solar corona, using the observed distri-
bution of density in this region and the assumption of hydrostatic equilib-
rium. If we extrapolate his curve to the distance of the earth's orbit, we
find the value T ~ 10°°K. This is about equal to the temperature which was
calculated by Chamberlain3 using an exospheric model of the solar corona,
and is somewhat less than the temperature found by Chapman5 based upon heat
conduction in a static, spherically symmetric model solar corona.
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We will assume that the solar wind is simply the hydrodynamic expansion
of the solar corona, so that helium is present as well as hydrogen. Assuming
that the composition of the corona by weight is 75% hydrogen, 23% helium, and
2% heavy elements with a mean atomic weight of about 32, all completely ion-
ized, the number density of helium ions should be sbout 6/75 of that of hy-
drogen ions or about 7% of the total density of positive ions in the stream.
Since collision frequencies in the corona close to the sun can be assumed
relatively high, we will assume that the helium ions travel at the same mean
velocity in the soclar stream as the hydrogen ions and the electronms.

Although the solar wind is believed to flow radially outward from the
sun, we will assume that the flow in the vicinity of the earth is a one-dimen-
sional uniform flow, over a region the size of the moon, in the direction away
from the sun. The ordered mass motion of the solar stream at 500 km/sec cor-
responds to kinetic energies of 1300 electron volts for protomns, 5200 ev for
helium ions, and 0.7 ev for electrons. At the temperature T = 105°K, the
thermal energy per particle is about 15 ev for all kinds of particles, assum-
ing that equipartition of energy exists. (This assumption will be discussed
in the last part of this section.) We see that the energy of the ordered
motion is much greater than the energy of the random motion for protons and
helium ions, and is considerably less than the random energy for electrons.
The physical situation is very similar to that of a spherical satellite moving
with a uniform speed in the earth's ionosphere, with a velocity much greater
than the thermal velocities of the positive ions but less than the root-mean-
square thermal velocity of the electromns.

For the purpose of describing various physical processes, we will assume
that the velocity distribution for the particles in the solar wind is Max-
wellian and isotropic in a coordinate system moving with the mean velocity of
the flow. This assumption may be partially Jjustified by comparing the times
of relaxation for the particles and the length of time necessary for the par-
ticles to travel from the sun to the orbit of the earth.

The "self-collision time" for positive ions in & plasma interacting with
others of the same species is given by Spitzer35 as follows:

1.4 aY/2 g3/2
te = ’ (5"55)
nZ4in A

where

& amd\ 1/2 L
A = 3 <%nz _ 1.2k10 Jn ’

272e3 72

A is the atomic weight, and Z is the number of unit charges of the positive
ions. This is the time in which a particle is gradually deflected by 90°
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due to the interactions with other particles, on the average. The self-colli-
sion time is a measure both of the time required to reduce substantially any
lack of isotropy in the velocity distribution and also of the time required
for the distribution of kinetic energies to approach the Maxwellian distribu-
tion. If T = 109°K and n = 20/cm®, then t, = 7 x 10° sec, for H.

This is of the same order of magnitude as the length of time taken for
protons traveling at 500 km/sec in traveling from the sun. The self-collision
time for electrons in the plasma 1s a fraction dme/mp = 1/4% of that for
protons, which is considerably smaller than the time taken in traveling from
the sun. Therefore, the particles may be assumed to have velocity distribu-
tions which are Maxwellian and isotropic, as stated previously. The tempera-
ture may be different, however, for the different kinds of particles.

The rate at which equipartition is established between protons and elec-
trons is measured by the "time of equipartition,"” teq = bzte = 3 x 107 sec.
Thus, if the particle density was as low as 20/cm® during the entire duration
of time in which the stream travels from the sun, it is unlikely that the
temperatures of electrons and positive ions would be the same at the earth's
orbit if they were not the same in the solar corona. It is possible, however,
that equipartition may have become established closer to the sun, where the
density is higher. We will assume here that the temperatures of all kinds of
particles in the solar wind at the orbit of the earth are the same, T = 107 °K.

Table 3 summarizes our assumptions concerning the solar wind. The number
nEf]ow 1s the number density multiplied by the kinetic energy per particle,
or the kinetic energy density. The total for all three types of particles is
about 5 x 10'8 ergs/cma, as was mentioned in Section II-C.

TABLE 3

THE ASSUMED MINIMAL MODEL OF THE SOLAR WIND

Electrons e~ Protons H} Helium Ions He't™
J 109/em® sec 0.93x107/cm2 sec 7x107 /em2 sec
<Wgyg 500 km/sec 500 km/sec 500 km/sec

Efiow 0.7 ev = 1.1x10"12erg 1300 ev = 2.1x10"%erg 5200 ev = 8.3x10™erg

n 20/cm3 18.6/cm3 1.4/cm®

nEpygy  2-16x107ergs/cm? 5.87x10-8ergs/cm® 1.6x10 8ergs/cn®
T 10° °K 10°°K 10°°K

g kT 15 ev 15 ev 15 ev
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2. Elastic Scattering

The molecules in the lunar atmosphere will be subjected to collisions
with the high energy protons. The difference between protons and helium ions
will be ignored here and we will also ignore the effect of the electrons,
since their energy is so low. These collisions mey ionize an atmospheric
molecule, effect & charge-exchange reaction, or collide elastically, with no
change in the internal states of the colliding particles. As shown by Massey
and Burhop,3 charge exchange is about an order of magnitude more probable
than ionization, so it is the only inelastic collision process considered
here. To calculate the probabilities for the processes of charge exchange
and elastic collision, we need to know the cross sections. Since we are in-
terested in the probabilities for ejection of atmopsheric molecules by these
processes, we will calculate the cross sections for scattering through all
angles greater than a minimum angle, so that the atmospheric particle gains
at least enough energy in the process to enable it to escape. We will call
this the "escape cross section.” A consideration of the dynamics of elastic
collisions is necessary now.

Since the de Broglie wavelength for protons of 1300 ev kinetic energy
is very much smaller than the dimensions of the smallest atoms, the classical
equations of motion provide a very accurate approximation to the correct
qQuantum mechanical equations of motion, and the treatment of collisions will
be done here using classical mechanics.

Consider an incident particle of mass m,, velocity v and kinetic energy
E, and a particle of mass mp which will be assumed to be at rest with respect
to the moon. We will consider that some interaction takes place between these
particles such that the energies and angles of motion of the particles after
the collision are as shown in Fig. 5. (Note that we have implicitly used the
assumption that the sum of the kinetic energies of the particles before the
collision is the same as the sum after the collision, in writing E-Ef for the
final velocity of particle 2.) Figure 6 shows the representation of the col-
lision in a coordinate system which always has as its origin the center of

m, E¢

mWE My 6 Al ®_m

¢ ®
my E—Ef
Fig. 5. Fig. 6.

Collision coordinate systems.
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mass of the two-particle system. It can easily be shown (see Goldsteingo)
that the following relations are true between the scattering angles:

$p = g - g , tan 6 = sin © . (3-54)

m
cos B + =&
o

Now let us write the equations expressing conservation of energy and
momentum in the following form:

JomE = Wom Er cos 6 +N2ma(E-Ef) cos $
(3-55)
0 = v2mEr sin 6 - N2my(E-Ef) sin @ .

Squaring and adding to eliminate 6, we get the energy gained by particle 2
in terms of the angle through which it is scattered:

E- Ep = LE ——ELEQ—E cos2p . (3-56)
(my+mp)

It will be convenient to express this in terms of the angle of scattering in
the center of mass system:

E- B = LE-—T202_ gip22 (3-57)
(my+ma) 2

1
Now the energy of escape for particle 2 is (E—Ef)eSC =7 mp vgsc, where
esc 185 the escape velocity at the moon's surface. Therefore, the minimum
angle ® through which the scattering can take place and still impart to part-
icle 2 the escape energy is given by

Vv,

2
. Oege _ (m1+m2) Vgsc _
sin - = ‘J BmiE . (3-58)

Now the elastic "escape cross section" is given by

bid

cggi) = 2r f o(®)sin @ @O , (3-59)

®esc

where o(®) is the differential scattering cross section, which depends upon
the interaction potential. The above integration does not need to be actually
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carried out if we can express the so-called impact parameter b as a function
of @, The impact parameter is the perpendicular distance between the center
of force and the incident particle velocity, which is associated with scat-
tering through a particular angle 8. If ® = @gg., then the elastic "escape
cross section” is given by

Oﬁzi) = %(Oesc) - (3-60)

Now for the light atoms of H and He, the above cross sections are very nearly
equal to the gas kinetic ?giysport cross sections, given by Jeans.26 For
heavier atoms, however, Opse’ Iay be considerably smaller than the gas kinetic
cross section. This is for two reasons: (1) the energy transferred from in-
cident protons is smaller when the mass of the atmospheric particle is larger;
(2) the escape energies for heavy particles are higher than for light particles.
We will evaluate ogg%) for heavy particles in the following way: The impact
parameter b(@ese) corresponding to the minimum scattering angle for escape is
found using the result of the Rutherford scattering of protons by charged

particles of charge Zqrre:

2
b o= I o (G, (3-61)

2k

where E5 is the incident kinetic energy minus the kinetic energy of a particle
of mass (m;+mp) moving with the center of mass (it is the incident energy for

the problem in the center of mass coordinates). In terms of the incident en-

ergy,

o

E, = E .
m1+m2
The formula which we want is therefore
o €]
Zerf e=cot 2 6
= &n b (5- 2)
2_E
ml+m2

so that

-1

2
B(Bege) Zeff e2(m;+mp) 8m, E
E (ml

2
2mp +mp) “VBge

Zers €2 / 2mE _ (m1+mg)2 :
moE Y vBsc 2
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Since

1 /m+tms\2
—_ =2
E >>> 2m1< > ) VBao s

Zerr €2 [Pmy
b(Opge) = T -
Mo Vege

(3-63)

In this formula, Zerr e is the effective charge of the atmospheric atom for
the scattering, i.e., the nuclear charge Ze minus the charge of the electrons
which screen the nucleus. If the deflection angle © is small (and so @ is
also small), the force which deflects the incident proton will be approximately
given by the force due to a point charge Zefr e at the center of the atom,

where Zeorr 1s defined by

Zerre?
vir =S =
( ﬂ . fe?

(3-6k)

and where v(r) is the electrostatic potential energy. For heavy atoms, this
potential energy can be calculated, using the Thomas-Fermi atomic model. We

have

bv(b
Zez2(1) L wixn) 1,
e2
where X(x) is the solution of the problem
2
xM/2 8% _ ya/2 X(0) = 1, X( )

dx2

and 1s graphed on page 364 of Ref. 37. Also,
x(r) = 2(b/3m)%/% z3/3 I,

where ag = 5.29 x 109 cm is the first Bohr radius. Since
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and

b(@esc) _ ZX{X[b(G‘)eSC) ]]ezm ,

MaVese
we have
x(x) = 5 (& #/% agmavese [E (3-68)
2 \¥, 4/3_ 2 2m )
7%/ e 1

This equation has been solved graphically for x in the case of Ar, Kr and Xe.
The results are given in Table L along with the gas kinetic cross sections
for the light molecules which are given by Jean526 and Loeb.>

TABLE 4

CROSS SECTIONS FOR ELASTIC COLLISION AND
CHARGE EXCHANGE WITH 1300 ev PROTONS

ST S R R O A=,
(cm?) (cm®) e (cm®) (cm)

H . 5x10-16% k.5x10"16 1 2x10™15 2x10~15
He 5.7x10710 3.7x10"16 1 1.8x10717 1.8x10717
Hp0 5.8x10716 5.8x10"16 1 ox10™15** 2x10" 10
Ar 10.5x10"10 3.2x10717  0.030 4. hx10716 1.3x10°17
Kr 13.5x10716 2.5x10717 0.018 10.6x10716 1.9x10"17
Xe 18.7x10716 2.1x10"%7 0.011 7.9x10716 8.7x10718

*This is an estimate; it is intermediate between the values for He and Hp,
given by Jeans.
**This value was adopted as the same as that for H.
3. Charge Exchange
Collisions which result in exchange of charge are not elastic, but the

change in internal energy of the colliding perticles is only about 2 ev for
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protons in Ar and less than 1 ev for protons in Kr or Xe (see Massey and
Burhoi)3 ). This produces a very small effect dynamically when the incident
proton energy is 1300 ev. Therefore, we can treat these collisions as ap-
proximately elastic. TFor the light{ atoms of hydrogen and helium, the charge
exchange "escape cross sections" °e§§ , are almost the same as the charge ex-
change cross sections which have been measured by Fite, et Ei"59 and Keene.
We will take the charge exchange cross section for water vapor to be the same
as that measured for hydrogen by Fite, et al. Charge exchange cross sections
for Ar, Kr, and Xe have been measured b§—ﬁ;gted.ul Although these would be
expected to be larger than the charge exchange "escape cross sections,"” it is
difficult to say what the ratio is exactly. Therefore, we will take the ratio
of "escape cross section" to the measured cross section to be the same for
both charge exchange and elastic collisions:

U(cx) = olex) 0&2%) (3-69)

esc '
(eD)

We have listed the measured values of cross sections along with the values for
"escape cross sections" used by us in Table 4, Although we have called these
cross sections "escape cross sections" the probability of the particles hit-
ting the moon and failing to be ejected from the luner atmosphere must be
taken into consideration; this is done in Section IV.

H. PHOTOIONIZATION AND PHOTODISSOCIATION IN THE LUNAR ATMOSPHERE

Although we have neglected ionization of atmospheric molecules due to
solar protons, we cannot neglect ionization due to solar ultraviolet radia-
tion. At times of quiet sun when the solar corpuscular radiation flux is
quite small, the effects of the solar ultraviolet radiation with wavelengths
longer than 100& may become more important than the effects of the solar wind,
since the intensity of the radiation in this portion of the spectrum would be
expected to be approximately the same during active and quiet solar condi-
tions.

Hinterreger31 has measured the solar photon fluxes between 1300 and 608
at an altitude of 200 km and estimated the fluxes in interplanetary space
near the earth. On this basis, he gives total ionization rates for several
kinds of gases, among them monatomic hydrogen and helium, by summing the pro-
ducts of photoionization cross sections and particle fluxes over the wave-
length bands. He obtains the following results:

H: 200y = U5 x 10-T/sec

He: Xodo 10-T/sec.
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We have estimated the ionization rate for water vapor by using Hinter-
reger's flux measurements and averages of the photoionization cross sections
measured by Wainfan, et al., 2 in the range from 1000 to 3008 and those meas-
ured by Astoin, et al.,hg—in the range from 300 to ESOK. Our result is
Zodo = 2.45 x 10:5/E€c. We have estimated the photodissociation rate for
water vaﬁor in a similar way. Near the threshold for dissociation, 24008R,
Granathh found the absorption cross section to be less than 10722 cm2, We
have therefore neglected the absorption in the wavelength region between the
threshold for dissociation and 1800&. Using the results of Watanebe, et g;.,h5
for the absorption cross section in the wavelength region between 1800 and
lOOOﬁ, and the intensity of the solar spectrum given by Detwiler, et g;.,u6
we find 2odo = 1.62 x 10‘5/sec. The total probability for removal of water
vaper by either photodissociation or photoionization is therefore Zo@o =
1.86 x 107°/sec.

We have alsc estimated the ionization rate for argon using Hinterreger's
Tlux measurements and the photoionization cross sections measured by Po Lee
and Weissler.*? Our result is 2odo = 1.95 x 10'6/sec.

Although the ionization thresholds of krypton and xenon occur at longer
wavelengths than does that of argon, the photoionization cross sections,
which have never been measured, may be greater than that of argon or they
may be less. In view of this uncertainty, we will use the same value of
rhotoionization rate for Kr and Xe as we calculated for Ar.
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SECTION IV

A SIMPLE MODEL OF THE LUNAR ATMOSPHERE

We now wish to calculate the expected partial densities of various gases
on the moon. Their source and escape rates are based on the different proc-
esses discussed in the previous sections.

For our purposes, we will use an even simpler model of the lunar atmos-
phere than the prementioned isothermal model. The model is constructed as
follows: the entire atmosphere is considered to be contained between the sur-
face of the moon and a surface at height h(T), where h(T) is the scale height
for the particular gas considered. It was shown in Section III that the total
number of particles which are associated with an isothermal atmosphere is
given by the density at the surface, ng, multiplied by the volume included
between the lunar surface and the inner surface of a sphere of radius rgt+h,
which we called the "scale volume." We will use an average temperature of
300°K in computing the total number of particles which are included in our
model atmosphere. This number will be calculated as follows:

N = noV »

where ng is the average number of particles/cm3 at the lunar surface, and V
is the scale volume for an isothermal atmosphere at 300°K. The change of N
with time is due to the following processes.

(a) The Net Influx of Particles at the Imner Surface.-——Included in this
term are the contributions discussed in Section III-F from the diffuse reflec-
tion of hydrogen and helium, the supply of water vapor from trapped ice, the
production of Ar from the radiocactive decay of K%O, end the production of Kr
and Xe from primeval gases trapped in rocks and released by meteor bombard-
ment. We neglect recombination of atmospheric ions on the lunar surface.

(b) The Net Outflux of Particles at the Surface of the Outer Sphere.—
This term includes only thg—evaporation escape flux discussed in Section
ITI-E. Although the integration was taken over the surface of the moon, the
same total flux escapes through any finite surface surrounding the moon.

(c) The Net Rate at Which Particles are Produced Within the Scale
Volume.—In this term we take into consideration the removal processes of
photodissociation and photoionizstion, due to solar ultraviolet radiation,
and charge exchange and elastic collision processes due to the solar wind,

L3




all of which result either in the ejection of particles from the atmosphere
or in the ionization of atmospheric particles. We neglect recombination in
the scale volume.

The three kinds of processes are related to the time rate of change of
the total number of particles by the equation

dN > > > >
-a-_E= ng'ds‘ ﬁJJ'dsi- MSdV
inner surface outer sphere scale volume
-1 - I +Ia, (k-1)

where 35 is the source strength, 3J is the Jeans escape flux and S is the
volume production rate. We have abbreviated the three terms, I,, Ip, and Is.

A, HYDROGEN AND HELIUM

The calculation of the atmospheric partial densities is well illustrated
by the cases of hydrogen and helium. For these gases, I; 1s equal to the
proton flux Jp multiplied by the effective capture cross section of the moon.
If we assume that the charged particles in the lunar ionosphere form &a space
charge region close to any portions of the lunar surface which are charged,
so that the charge on the moon is shielded a long distance away, the only
forces acting on the particles in the solar wind are due to the gravitational
attraction of the moon. ILet b be the impact parameter corresponding to par-
ticles which just graze the moon's surface. From continuity we have

2
J o= g, 2,

To

Y]

where J is the solar wind flux far away from the moon. From conservation
of energy and angular momentum we find that

mM
r02 + -]-_.——.(_}._2 ro = .b2 ,
= my,
5 [+
so that
2 va
—-——'b = 1l + 2m1\24G = 1 + gsc P
r02 mVoorO V002
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where v,, is the velocity of the stream a long distance away from the moon.
Since Vege/Veo = 5 X 10'5, b = ro, and the effective capture cross section of
the moon is just wro2. Therefore,

Il = infroz . ( )-[.-2)

(We have neglected the contribution to the number of neutral hydrogen atoms
in the atmosphere from dissociation of Hs0, which is negligible in comparison
to the solar wind contribution.)

I, is equal to the evaporation escape fiux multiplied by the total sur-
face area of the moon:

g - ro/h
Ip = u,froa|:£§_°e o/ (1+§9El . (4-3)

The term Iz is negative for neutral particles. TIts magnitude is equal
to the "scale volume" V multiplied by B, the fraction of the particles in the
atmosphere which are exposed to the sun, multiplied by the average volume
rate of all processes which eject hydrogen or helium from the atmosphere:

Io = -BVInodatS®y + notolSy + noZovo] . (h-L)

The fraction B will be taken to be equal to 1 for hydrogen and helium. As
we stated in Section III-B, we expect the density of hydrogen atoms at the
surface to be fairly constant over the surface. As shown in Fig. 4, most of
the scale volume, which may be considered to be the volume contained between
the surface and the scale height, is exposed to the sun in the case of hy-
drogen and helium. Therefore, we can take B =~ 1 for hydrogen. The value of
B for helium is expected to be even more nearly one, since the net rate sat
which helium atoms can migrate to the dark side after being formed on the
sunlit side is considerably smaller than the net rate for hydrogen atoms.

The three contributions to Is are due to elastic collision and charge
exchange with solar wind protons and to photoionization and photodissociation.
The y-factor i1s the result of averaging the rate of escape of ejected par-
ticles over the entire exposed lunar atmosphere, taking into account the
geometric probabilities of ejected particles striking the moon and not escap-
ing. The distribution of scattered intensity with scattering angle for elastic
collisions and charge exchange which has been measured (see Massey and Burhop56)
shows that the vast majority of incident particles are scattered through very
small angles. Since the exchange of energy in charge exchange is small com-
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pared to the total kinetic energy of the particles, the dynamics of those
processes would be expected to be almost the same as for elastic collisions,
as mentioned previously. When the incident particles are deflected at very
small angles 6, the struck particles are scattered at angles very close to
90°, since

sin @ _ sin 2¢

cos © m - cos 2¢
ma

(see Section ITII-F) and ml/m2 < 1. Most of the particles in the atmosphere
are, therefore, scattered nearly at right angles to the incident solar wind
direction, so they have a geometric probability of escape close to 1 near the
portion of the atmosphere roughly above the subsolar point, and a geometric
probability of escape of about 1/2 near the limbs. The geometric probability
averaged over the exposed part of the model atmosphere is therefore between

1 and 1/2. v as a function of the molecular weight would be expected to ap-
proach 1 as the molecular weight became very small, and to approach 1/2 as the
molecular weight became very large. For hydrogen and helium we will, there-
fore, use y = 1, and we will use y = 1/2 for the remaining gases. Using the
values of T, h, and mrp2/V taken from Teble 1, the values of J and Jp taken
from Table 3, the values of Oege taken from Table L4, and the values of Y.odo
taken from Section III-G, we can proceed to calculate the time rate of change
of the atmospheric density of hydrogen and helium as follows:

dn
S = V2 s L-I+Is,
or
2 2 - r~/h r
S - Zof L me g "R oy
- Bro(JatEN y + 30lS¥)y + Tog) (4-5)

Table 5 gives the numerical values for use in Eq. (M—5). For both hy-
drogen and helium, the primary escape mechanism is seen to be the evaporation
of the tail of the velocity distribution, which does not depend upon assump-
tions concerning the scale volume, as previously noted. This is expected,
since the thermal velocities are comparable to the escape velocity. Given
any initial density, the above differential equations govern the time rate
of change of the density at the lunar surface according to our model. For
J = 109 part/cm2sec, it is seen that the time constant for approach to an
equilibr&um value is 7.7 X lO3 sec, or about two hours, for hydrogen, and
2.5 x 10" sec, or about seven hours, for helium, The equilibrium values are
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thus attained rather quickly; they are given for J = 107 part/cm2 sec as fol-
lows:

5.30 x 10° atoms/cm®

H: ng

He: ng 9.13 x 10° atoms/cm3.

Thus, although the number density of helium in the solar wind is likely
to be from 1 to 2 orders of magnitude less than that of hydrogen, the evapora-
tion of the helium provides an escape rate of from 1 to 2 orders of magnitude
slower than that of hydrogen, so the equilibrium number densities are about
the same, The larger scale volume of hydrogen also adds to this effect.

Since the evaporation flux is of predominant importance for the escape
of these light gases, we may also estimate the average number density at the
lunar surface by equating the number of particles escaping/cmz/sec from some
particular place on the lunar surface due to the evaporation, to the influx
Jp cos ®, where ©® is the angle which the sun makes with the zenith at that
place. Therefore,

Jpcos B exp (kT(®.>
2

2
kT(® . for 0 <8 <73
(®) ﬁ (l kT((g> l (4-6)
n = -
L 0 , for 7 <@ < x |

This formula implies a detailed balancing at every point on the surface,
which cannot be the case. Because of the long flight paths of particles
emitted from the surface on the day side of the moon, there will always be
more particles near the terminator, © = n/2, and on the night side than given
by the above formula. The value of n given by the above formula is, there-
fore, too high in the region near ® = 0, since the only input is the solar
proton flux Jpcos ©. The value predicted at ® =0 is:

n(0°) = 2.17 x 104 atoms/cm>

for H. Applylng the same reasoning in the case of helium gives
) _ )4 3
n(0°) = 3.67 x 10 atoms/cm

These values are about four times higher than those gotten with our sim-
ple model, where migration of atoms was taken (implicitly) to be efficient
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enough that the density was uniform over the entire surface. To see which
point of view is more justified, let us assume that an atom of hydrogen and
of helium is emitted from the lunar surface at an angle of 45° with the
horizontal plane and with the mean speed characteristic of the temperature T.
As shown in Fig. 3, the angular ranges of hydrogen for temperatures between
200°K and 400°K, which are typical of the day side, are enough longer than
those for temperatures between 120° and 200° to enable migration to take
place fairly readily from the day side to the night side. Therefore, the
density of hydrogen would be expected to be fairly uniform over the entire
surface, as assumed in our simple model. On the other hand, the curve of
angular range versus temperature for helium is not nearly as steep, indicat-
ing that the net migration of helium atoms from the day side to the night
side is not as efficient, resulting, therefore, in a somewhat higher density
on the day side.

B. WATER VAPOR

The term I, is equal to the equivalent source strength for the entire
surface given in Section III-F multiplied by the lunar surface area:

I, = Jghm2 . (L-7)

I- and Iz have the same form as for hydrogen and helium. Although the scale
height is larger on the sunlit side, so that a slightly larger fraction than
1/2 of the scale volume is exposed to the sun, we expect somewhat higher dens-
ities for water vapor and the heavier gases on the dark side. We will, there-
fore, use the value B = 1/2, in the term Is and use the value 1/2 for the y-
factor for water vapor. The largest contribution is seen in Table 5 to be
the ionization and dissociation. The contributions due to the solar wind are
somewhat smaller. The time constant is 10° sec, or about 28 hours. The equi-
librium value is ng = 1.7 x 105/cm3 for J = 107 part/cm® sec. The correspond-
ing partial pressure of water vapor in regions where the temperature is about
120°K is about 2 x 10-14% mm Hg. Thus, the partial pressure is considerably
lower than that needed to stop the net evaporation (according to Vestine2l the
equilibrium vapor pressure of water at 120°K is about 5 x 10712 mm Hg) , and
we are justified in using the evaporation rate which we used.

C. ARGON

The term I, has the same form as for water vapor. We neglect Io, since
it is much smaller than Is. The time constant for approach to equilibrium
is 106 sec, or @bout 11.6 days, and the equilibrium value is ng = 5.4 x th/
cm® at J = 107 part/cm? sec.
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D. KRYPTON

The time constant is about the same as for argon, about 11.6 days, and
the equilibrium value is ny = 1.7 x 1072/cm3.

E. XENON

The time constant is also about 11.6 days, and the equilibrium value is
ng = 1.87 x 1073/cm®. We see that krypton and xenon comprise a very small
portion of the lunar atmosphere.

F. THE VARIATTON WITH THE STRENGTH OF THE SOLAR WIND

The composition of the lunar atmosphere will be expected to vary con-
siderably with the strength of the solar wind. To see this, consider the fol-
lowing: in the case of hydrogen and helium, the predominant escape mechanism
is the evaporation of the tail of the velocity distribution, while removal by
solar corpuscular streams and ultraviolet radiation is negligible in compar-
ison. For water vapor, argon, krypton and xenon, the situation is reversed:
the evaporation term is negligible in comparison to the other terms. For hy-
drogen and helium the source is the solar corpuscular flux itself, while the
sources of the other gases lie within the moon or on its surface. Since the
time constants for approach to equilibrium of all of these constituents are
less than twelve days, the densities, which depend upon the solar wind flux J,
would be expected to change in response to a change in J in a correspondingly
short time. Figure 7 shows the equilibrium values of density for the con-
stituents whose densities are greatest, Ar, He and H, as a function of J. For
values of J much below 109/cm2 sec, the main constituent is Ar, at a density
of about 5.5 x th/cm3. For values of J above 109/cm2 sec the densities of
H and He increase with J while the density of Ar decreases, since the effects
of the solar wind in sweeping it away begin to predominate over the photo-
ionization. For values of J above about lOll/cm? sec, the density of H in-
creases more slowly with J, and approaches a limit at about 2.9 x 105/cm3,
when the increase of hydrogen accretion from the solar wind with increasing
J is Just balanced by the sweeping away effect of the solar wind. The dens-
ity of helium continues to increase with increasing J until J reaches about
1012/cm2 sec, when it begins to level off and approach the limit 9.6 x 105/
cm3,

We have assumed that the flux of ultraviolet radiation is not affected
by the level of solar activity, while the corpuscular streams are. Since
most of the ionizing and dissociating effects are caused by radiation of wave-
lengths greater than lOOK, this is Jjustified if the short wavelength region
whose flux is enhanced during periods of solar activity lies below lOOX, as
indicated by Shaw.l8
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. We see from Fig. 7 that the minimum density of the lunar atmosphere is
about 5.5 x th particles/cm®, during conditions of very small solar flux.
We must emphasize again, that the representation of the partial densities in
the lunar atmosphere in Fig. 7 is incomplete, since we have omitted the gases
COz> and S05. Our simple atmospheric model may be thought of, therefore, as
a minimal model of the lunar atmosphere.

G. THE LUNAR SURFACE CHARGE AND CHARGED PARTICLES IN THE LUNAR ATMOSPHERE

Because of the photoionizetion of atmospheric particles and charge ex-
change with solar protons, we expect that charged particles will be present
in the lunar atmosphere. These charged particles would be able to recombine
on the lunar surface if the surface had no repulsive potential. However, there
are several ways in which the surface may become charged. On the sunlit side
of the moon, the predominant effect is expected to be photoemission of elec-
trons caused by solar ultraviolet radiation. Since this effect tends to charge
the surface to a positive potential, we expect the surface to be positively
charged over most of the sunlit side of the moon. Therefore, an atmospheric
ion cannot strike the surface unless its kinetic energy is greater than the
surface potential. Consequently, a negative space charge region will form
close to the surface. The potential of the surface is determined by the con-
dition that the number of electrons emitted per unit area and time due to
photoemission must equal the difference between the random electron current
to & unit area from the space charge region and the solar wind, and the cur-
rent of ions from the solar wind and those from the atmosphere which have en-
ergy greater than the surface potential.

Near the 1limbs of the moon the photoemission of electrons should be
smaller than at the subsolar point, and it is possible for the lunar surface
to acquire a negative potential because the random current of electrons from
the solar wind and atmosphere is larger than that due to positive ions.

’ Therefore, if the moon is a poor conductor of electricity, we expect
most of the sunlit side to be positively charged and some of the shaded side
to be negatively charged. This is justified by the results of Gibsonu9 con-
cerning radio measurements of the properties of the lunar surface. Assuming

' a dielectric constant K = 5, he finds the conductivity of the top few milli-

meters of the moon's surface corresponding to the measured attenuation to be

1.16 x 102 mho/meter. Therefore we expect that the lunar surface will be

able to maintain a substantial potential gradient with reasonably small sur-

face currents.

The positive surface charge has another effect on the charged particles
in the atmosphere in addition to hindering their recombination. If a neutral
particle is ionized while it is within the shielding distance of the surface,
it will be ejected from the atmosphere if the potential in volts at the point
where it is ionized exceeds the escape energy for the particle in electron
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volts. (Escape energies for particles of atomic weight less than 140 are
less than b ev.) This has been pointed out by 6pik and Singer.so These
authors estimate the screening length for an electron density of sbout 500/
em3 to be sbout 400 cm. Since this is so small compared to the scale heights
for the gases which we consider, this effect will be ignored here.

We will not attempt to compute the msgnitude of the surface potential.
If we assume that an atmospheric ion has an energy equivalent to temperatures
of 1500°K, which is aspproximastely true for the earth's ionosphere, the sur-
face potential need only be about .2 volts to effectively hinder surface re-
combination on the sunlit side of the moon. If the surface potential is not
at least this high, there will be too few charged particles in the lunar atmos-
phere to worry about.

Therefore, for simplicity, we will assume that no surface recombination
or volume recombination will occur on the sunlit side in the moon's atmos-
phere. Also, in the following computation of ion density, we will assume
that the diffusion of lons in the atmosphere to the limbs of the moon, and
their eventual recombination there, 1s negligible compared to the other proc-
esses considered which effect ion removal. This, of course, 1s not strictly
true. Our model, therefore, predicts the maximum number of ions that can be
present in the moon's atmosphere, assuming that the only atomic species pres-
ent are those considered here.

The model we wish to present here for the lunar atmospheric ion density
is similar to the model for the lunar neutral particle atmosphere. We state
that all the ions associated with the atmosphere are contained in the scale
volume Vi, and have a constant number density, ngi, which will be equal to
the surface number density in the real case of an exponentially decaying ex-
osphere.

For this model, we assume an ion temperature of 1500°K. Since the plasma
must remain neutral, the scale height for each speciles is determined by as-
suming that the effective mass of the ion i1s half the actual mass to account
for the electrical forces caused by the much larger scale heights associated
with the electrons. For half the mass and five times the temperature the
scale heights for the various ions under consideration are 10 times the scale
height of the gases given in Table 1 of Section III-C.

The source of the ions is assumed to be that of the number of ions pro-

duced by photoionization plus the number of lons experiencing charge exchange
with solar protons which do not escape. This term is expressed by:

I, = pogvla(ole® - oé‘s”cc)) + Lody] . (4-8)
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Here, B is the fraction of the neutral particle scale volume which is
not shielded from the sun. We will assume here that for H and He, B = 1; and
for HoO and Ar, B = 1/2 as before.

The two processes considered here which cause a removal of ions from the
atmosphere are the evaporation of the tail of the velocity distribution and

the ejection of ions due to collisions with the solar protons.

The Jean's escape flux is expressed by:

_r/h. r
I = Bimry®ngicie O+ E% (4-9)

where B; 1s the fraction of the ionized scale volume which is effected by
this term and subscript i denotes a quantity asscciated with the ions.

The removal of ions by collisions with solar protons is given by:

Is = BingidVi 10&:]&) (ll»—lO)

where ioggé) is given from the results of Section III-G to be:

0&2%) = ﬁb2(®esc)
where
£ €2 [om
b(Ogge) = L [2m (k-11)

D2Vesc VE
Here, mp is the mass of the positive ion and m is the mass of the particle

which strikes it, which we assume to be a proton. For singly ionized ions,
we use Zeff = 1 so that

-1
fel) _ LoD o (4-12)

i“esc (M.W.)2

where M.W. is the molecular weight of the atmospheric ion.

Therefore, our equation becomes:

dN4 dnoj
W .oyl
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or

dngi v ;
S+ J 1A - ) +
2 - ro/h
- B1 5%?— noiTie o/ Y1+ 5 (4-13)

1

1
Binpid 1°g§c)

setting dngi/dt = O for equilibrium, we get:

B %—_—[J(c(cx) - c((agé{)) + Zo<I>O]
Boi - - . (b-1L)

a2 — - I'p/h o el
BiET,;L' Cie O/ i(l + E‘E‘) + J io’gsczl

Ogtaining the desired values from Table 4 and Table 6, we get, for
J = 107:

i+ 6.2 x 107 3.3 x 10°
Het 7.2 x 1076 5.9 x 1072
HoO' 1.8 x 1073 3.0 x 10°
art 6.31 x 107 3.41 x 10°

The total ion density is 347/cm3 for quiet solar conditions. This re-
sult argrees well with that of Elsmore,3 which is about 1000/cm® for some-
what more active solar conditions.
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SECTION V

DISCUSSION OF THE PROPOSED MEASUREMENT

The experimental determination of the lunar atmospheric structure is a
task similar to that required for any planetary atmospheric structure deter-
mination. The parameters desired are neutral and charged particle number
density, composition, and temperature as a function of altitude, time and
latitude. In the case of the terrestrial atmosphere, instruments have been
devised to measure all of these quantities to great altitudes. However, the
tenuous lunar atmosphere precludes the use of most of the instruments for at-
mospheric structure measurements on the moon. The most important single de-
| ficiency in measurement capability is our inasbility to measure atmospheric

composition on the lunar surface with instruments available today. State-of-
the-art flight hardware does very well, with special handling, if it measures
partial pressures on the order of the expected maximum total pressure on the
moon's surface. Also, this instrumentation is heavy and temperamental and not
easily adaptable to the environment expected on the moon.

' Therefore, we are limited to the possibilities of neutral and charged
particle number density and temperature measurements for initial experiments.
Of these, we feel that the neutral particle number density is the most im-

' portant single measurement. As described in the previous section of this re-
port, the number of charged particles in the lunar stmosphere is probably less
than 1% of the number of neutral particles. Therefore it seems important, for

’ initial flights, to measure the neutral density to better understand the orders-
of-magnitude with which we are dealing. Once the neutral number density is
known, it is possible to view the problem of composition determinstion more

. obJjectively.

l A. INSTRUMERTATION

Our initial choice of instrumentation is a cold-cathode discharge gauge
f (Redhead gauge) with its required electronics. This instrumentation is cap-
able of measuring total neutral number densities from approximately 200 cm=3
to 2 x 1010 cm-3, Details of thls gauge and the instrument package can be
found in Refs. 51 and 52.

Basically, the Redhead gauge is an ionization gauge. It utilizes elec-
trons obtained by a cold-cathode discharge in a crossed electric and magnetic
field to ionize the gas. Neutral gas particles enter the gauge through an
orifice and tube and are ionized. The resulting ions are collected, producing
an ion current which is monitored by an electrometer amplifier. Our instru-
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ment?tion is capable of detecting ion currents from approximately 10'6 amps to
1071% amps.

B. CALIBRATION

As mentioned previously, the Redhead gauge to be used for the measurement
of the lunar atmospheric neutral number density is an lonization gauge whose
ion current is approximately linearly proportional to gas density for any par-
ticular gas. The proportionality constant for each particular gas must be ex-
perimentally determined, as must the slight variations from linearity for each
particular gauge, i.e., the gauge must be calibrated against a known standard.
The proportionality constant 1s called the sensitivity, and is determined pri-
marily by the ionization cross section or ionization probability for a given
gas. The performance of this type of gauge is covered in more detail in Ref.

51.

Since we do not know the composition of the moon's atmosphere, it is im-
possible to calibrate a gauge for the correct gas or mixture of gases. How-
ever, we do know that, of the expected gases in the moon's atmosphere, the
gauge will have the lowest sensitivity for helium and hydrogen and the highest
sensitivity for argon and the residual volcanic gases, with a maximum spread
in sensitivity of approximately one order of magnitude. The gauge will be
calibrated for as many of these gases and mixtures as possible, so that data
received during early flights will be useful when further knowledge of com-
position is obtained.

It is expected that argon and the volcanic gases will exhibit highest
density on the dark side of the moon since they are being evolved from all
parts of the moon egually and will be shielded from the solar wind on the dark
side. Helium should exhibit highest density on the sunlit part of the moon
since it is being produced there. Therefore, the measurement for one lunation
should give some indication of the predominant gas, thereby increasing the
accuracy of our interpretation of the measurement.

C. MEASUREMENT

The measurement to be made will give us neutral number density versus
time at the lunar surface for at least one complete lunation. The expected
minimum equitorial number density for our theoretical model is described in

Section IV.

The moon's atmospheric neutral number density is interpreted from our
measurement of gauge number density by the thermal transpiration equation:

T
_ £ -
no= 5 Yg (5-1)
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It will be assumed that the gas particles in the gauge will be at the
temperature of the gauge (Tg), & measured parameter.

If we assume that the moon's atmosphere is predominantly composed of gas
molecules of high molecular weight, such as argon, COp and SOz, then the gas
temperature outside the gauge (Ty) can be assumed to be at the temperature of
the local surface. This can be seen by noting that the range of these mole-
cules, as discussed in Section III, is short enough such that the surface temp-
erature does not vary appreciably over the distance. As an example of this,
we see in Section III that argon, at 300°K, has a range of 97.9 km (angular
range of 3.20° . Figure 1 gives the variation of surface temperature with
angle of rotation with respect to the sun for the lunar equator, and the de-
sign package temperature for this conditian. As can be seen, an angular range
of 3.2° gives a maximum error of approximately 10°K in gas temperature at the
point where the surface temperature is 300°K. Of course, near the terminator
the temperature varies much more with distance, but the range will also be
smaller due to the lower surface temperature.

With the above assumptions, we can plot an expected ratio of gauge num-
ber density to atmospheric number demsity for one lunation (Fig. 8). We
divide the measured number density by this ratio for each specific time to
obtain the atmospheric number density. All of the above considerations as-
sume that the spacecraft will be on the lunar equator, which will not neces-
sarily be the case. At the time of the experiment, ng, Ty, and Tg will all
be measured, and a true correction factor computed.

D. CONTAMINATION

One problem that confronts us in our measurement is that of the contam-
ination of the moon's atmosphere with gases evolving from the spacecraft.
Contamination of the Redhead gauge itself is minimized by evacuating and seal-
ing it on the earth, then breaking the seal after landing on the moon (see
Ref. 52). However, the spacecraft itself will be a contributor of gas for
some time after being launched from earth, not to mention the retro-rocket
contribution of gas upon landing on the moon. The contaminating effect of
the outgassing of the spacecraft on our experiment will be minimized by mount-
ing our package on a 15-foot boom, which extends after impact, and orienting
the package such that the orifice of our gauge "sees” none of the spacecraft
in its hemispherical view, Since the mean-free-path of a gas molecule in the
moon's atmosphere is certainly much larger than the dimensions of the space-
craft, we can assume that each molecule will travel in a ballistic trajectory
away from the spacecraft. The number of molecules of spacecraft gas having
a trajectory which intersects the gauge orifice is assumed negligible, if
the gauge is orlented as described above. Also, the total amount of gas
which the spacecraft can contribute to the moon's present atmosphere is as-
sumed negligible.
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The major problem of contamination is afforded by the retro-rocket motor
used during descent to the moon's surface. Table T gives the composition and
smount of these gases. A quick computation assuming an effective molecular
weight of 35 for these gases, a scale helight of 50 km, a total weight of gas
of 1600 1b yields a surface number density of 6 x 102 cm=3 if the gas is
evenly distributed gbout the moon's surface and escape mechanisms are neg-
lected. Of course, the high initial thermal velocity of these gas molecules
will cause a significant percentage of them to escape immediately. The re-
maining gas will disperse rapidly, becoming a part of the lunar atmosphere,
As discussed in Section IV, we feel that the minimm =tmospheric density on
the moon is about 5.5 x lO):‘ =3, Therefore, soon after landing it is ex-
pected that the density of the gases from the retro-rocket will be no  more
than 10% of the atmospherdc density.

The prementioned escape mechanisms cause a decay time constant of ap-
proximately twelve days or less for gases similar to the retro-rocket gases.
Therefore, in the 30-day lifetime of the spacecraft, the amount of retro-
rocket gas in the atmosphere will decrease by more than one order-of-magni-
tude. If surveyors are landed no more often than every 30 days, the effect
of the retro-rocket gases on our measurement will be negligible.

E. SOLAR FLUX

Protons from the solar wind will be expected to enter the orifice of the
gauge, become neutralized on the inside surfaces, and contribute to the num-
ber of neutral particles in the gauge. The contribution to the number den-
sity inside the gauge due to solar wind particles will be denoted ngg and will
now be calculated, using our previous assumptions concerning the solar wind.
If <wayg 1s the mean velocity of motion of the plasma (500 km/sec), the dis-
tribution of the components of velocities normal to the orifice of the gauge,
u, in a coordinate system at rest on the moon at some place where 7 is the
angle between the centerline of the orifice and the sun is

’ (5-2)

oy« (e

where T is the kinetic temperature of the solar wind (10°°K). If A is the
area of the orifice, the number of particles entering the gauge per second -
is

2
- E%T (u-<u>gyg cos 1)

d 1/2
& = nA | ufdu = nA(g ) / ue du
dt|in . .

(5-3)




where n is the number density in the solar wind (20/cm3). TLet

m
B8 = 'WIEEE (u-<u;>avg cos 1) ;

the integral can then be evaluated as follows:

dn
dt |in

m
/ kT l:" PET <u>§vg COS2T]
nA—V——— e
2mm

T m |
-JEEE Wgyg cos n(l + erf ’§§T <w>gyg COS Eﬂ (5-4)

+
Now
, m 3 <UWayg COS 1
—_— <> cos = = = 12.1 cos
N okT eve 1 2 Urms no

using values taken from Table 2.

If we take 7 = 0°, then we can use the asymptotic form for the error
function:

1+erfsa2 -2 , for s >> 1 . (5-5)
Therefore, we have, with
’ m
s = =T <wgyg COS 1 ,
dn A _ ( 6
where J 1s the solar wind flux.

The number of particles which were contributed by the solar wind which
leave the gauge per second is given by the well-known effusion equation:

dngg kT
= nggh |28 -
dt:]out 58" "\ Zmm ’ : (5-7)
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where Tg is the temperature inside the gauge.

When the net number of particles entering the gauge from the solar wind
is zero,

dn - dbsg or Neg = |28 g -8
d’t]in dt“Jout’ se T kT © (5-8)

If the temperature inside the gauge is 300°K, then ngy = 1.6 x 10%/cm3.

When 1 = 90°,

.
dn KT
—_— = nA |—— ., -
dtlin 5 (5-9)

so the equilibrium density of particles inside the gauge due to the solar
wind 1s given by

T
Ngg = Tg n, (5-10)

the ordinary thermel transpiration equation. When T = 10°°K and n = 20/cm?,
nsg = 565/01113.

In the cases where 5 is not close to 90°, the contribution of particles
inside the gauge due to the solar wind is comparable to that which we expect
due to argon, and so the contribution due to the solar wind may be comparable
to the total contribution from the neutral particles in the atmosphere. If
the flux J is measured independently, we will known nsg during the times when
it is large, and corrections to our measurement will be made.




TABLE 7

RETRO ROCKET GASES

Vernier (160 1b)

B = 0.1 to 0.33 1b/sec
Hs 32.4%
Ho0 19.2
No - 31.0
NHs .001
CH, .2
Co 2.7
C0s 14.5

Burns from 280,000 ft
to 13 ft

6k

Mein Retro (1450 1b)

(o]
m

Hs0

N2

co

HC1

CO2

Ho8

Ho

= 30 1b/sec
12.9%
9.2
23.7
17.2
3.6
.1

55.5

Burns out between
9000~55,000 ft
Ignition ~ 280,000 ft
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Abstract. A simplified model of the lunar atmosphere is used to calculate average densities
of seven different neutral gases and their ionized components, near the moon’s surface, as a
function of the solar corpuscular flux J. The method of calculation takes into account, in a
unified way, the effect of sources of gas in the lunar crust as well as accretion by the solar wind,
and the escape of gases by thermal evaporation and photoionization as well as interaction
with the solar wind. For 10"/cm® sec << J < 10°/cm sec, the main constituents of the lunar
atmosphere are argon, constant at about 5 X 10*/cm?®, and peon, which increases linearly with
J. For 10°/em® sec < J < 10%/cm® sec, argon and water vapor decrease with increasing J,
whereas hydrogen, helium, and neon increase. For 10™/cm® sec << J < 10%/cm?® sec, the densi-
ties of argon, neon, hydrogen, and helium take on the approximately constant values (inde-
pendent of J) of 2 X 10*/em® 2.8 X 10°/cm?® 3.1 ;: 10°/cm?® and 15 X 10°/cm?, respectively.
Hence, the total number density of gas from the sources considered will not exceed 2.1 X
10°/cm?®, regardless of how strong the solar flux may become. The densities of krypton and
xenon will never be larger than 0.38/cm® and 0.057/cm?, respectively. The only gases that con-
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tribute appreciably to the ionosphere are neon and argon.

InTRODUCTION

The purpose of this paper is to present a theo-
retical calculation of the average number densi-
ties of seven neutral gases and their ionized
components, near the moon’s surface, as a func-
tion of the solar corpuseular flux (solar wind).
As has been pointed out by Gold [1959], Her-
ring and Licht [1959], Singer [1961], Nakada
and Mihalov [1962], and Weil and Barasch
[1963], the solar wind has a considerable effect
on, and, in fact is, a major source of the lunar
atmosphere and ionosphere.

We attempt here to consider, in a unified way,
all the major mechanisms that affect the equi-
librium number density of the atmosphere near
the moon’s surface, i.e., the sources of gas from
the lunar crust and accretion from the solar
wind, and the escape of gases from the moon
by thermal evaporation (Jeans’ escape mecha-
nism), photoionization, and interaction with the
solar wind.

In the theoretical treatment presented, a
simplified model of the atmosphere is adopted
which assumes that the total number of parti-
cles of a given species associated with the at-
mosphere is contained in the volume between
the surface of the moon and a surface at height
h = kT/mg, the scale height for a gas of par-

ticles of mass m. Therefore, the total number of
particles of a given species in the model atmos-
phere is N = nV, where V = L«[(ro + h)* —
ro'] is the ‘scale volume.’ n, is the number den-
sity of the gas in question (constant throughout
the volume V), which represents the average
surface number density for our calculations.

The time rate of change of the number of
particles is then given by

B e

+fo J, dS; — fs’ JydS, (1)

The volume integral represents the effects of
all the sources and sinks within the scale volume,
which includes photoionization and elastic ecol-
lision and charge exchange with the solar wind
ions. The surface integral over S, represents the
source of gas from the lunar surface into the
scale volume. The surface integral over S, repre-
sents the loss of gas from the surface at (r, + h)
due to thermal evaporation.

NEUTRAL PARTICLES

This section is devoted to the explanation of
the calculation of the integrals of equation 1
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for neutral particles in the lunar atmosphere.
For the calculations we assume a gas tempera-
ture of 300°K, which is approximately the aver-
age lunar surface temperature. It is implicitly
assumed that the surface number density is low
enough so that the mean free path of a gas
molecule is larger than the distance it would
travel on a trajectory from one position on the
moon to another; therefore, the gas will have
the temperature of the lunar surface.

Solar wind effect. For the volume integral
of equation 1, we assume that the solar wind
consists of H*, He*, Ne*, Ar*, Kr*, and Xe* in
the relative amounts, X;, as given in Table 1,
adapted from an abundance compilation for the
primordial solar system given by Aller [1961].
The flux of the ith element in the solar wind is
then given by X,J, where J is the total positive
ion flux in particles/em? sec.

Although the solar flux, J, varies with time,
a constant value of 500 km/sec for the stream
velocity is assumed, so that cross sections for
elastic collision and charge exchange may be
taken as constants, computed for incident ions
moving at 500 km/sec (1250 volts/unit mass).

Elastic scattering. Cross sections for elastic
scattering through any angle greater than a
minimum angle, such that an atmospheric par-
ticle gains at least enough energy in the process
to escape (‘escape cross sections’), have been
caleculated by Hinton and Taeusch [1962] for
the heavy atoms of Ar, Kr, and Xe. For scat-
tering of incident particles with mass m, and
and kinetic energy E by atmospheric particles
with escape energy, 1/2m,V.,,? the result is
oo’ = 7 be.", where b... i3 the impact param-
eter for Rutherford scattering and is given by

2
Zosi€ 2m,

be!o = mq Vano E

Zoeee is the effective charge used in the Ruther-
ford scattering formula, ie., the nuclear charge
Ze minus the charge of the electrons screening
the nucleus. If the deflection angle is small, the
force that deflects the incident proton will be
approximately given by the force due to a point
charge Z.cee at the center of the atom, where
Z,¢ce is defined by

(VD)o = Z,1i®/b

where V(r) is the electrostatic potential energy.

HINTON AND TAEUSCH

Assumed Fractions of Elements
in the Solar Wind

Adapted from Aller [1961]

TABLE 1.

Element X
H 0.86
He 0.14
Ne 4.3 X 104
Ar 6.5 X 10°¢
Kr 1.4 X 10~°
Xe 1070

For heavy atoms, this potential energy can be
calculated using the Thomas-Fermi atomic
model. Therefore, we have

Za®) = 222 = 2x1(9)

where x(z) is the solution of the equation
¥ d*x/d2® = x*", with the condition that x(0)
= 1, x(0) = 0. The solution is graphed by
Leighton [1959]. Also, z(r) = 2(4/37)Z2""* r/a,,
where @ = 529 x 10® em is the first Bohr
radius. Since r = % (37/4)¥® a,/Z"* z, we now

have
b — Zx[x(bsec)]ez ’2""1
ese m2 Ve'o — '——'E
where
(>_1(i7£)mao_mh E__
x(zx) = o\1 Za/:;ez 2m,

This last equation was solved graphically for
for Ar, Kr, and Xe, and the results for 0.,/ =
whese are given in Table 2.

For the atoms of H, He, H.O, and Ne, for
which the Thomas-Fermi model is not applica-
ble, it is assumed that oo’ =~ 0., where o, is
the gas kinetic cross section [Jeans, 1954], be-
cause (1) the average energy transferred in a
collision is greater the more nearly equal are
the masses of the colliding particles, and (2) the
escape energy is lower for lighter particles. The
computed and assumed values are given in
Table 2.

The rate of escape of particles per second per
cubic centimeter of lunar atmosphere is Jy 041’ 1o,
where v is the geometric probability that a
particle receiving enough energy in an elastic
collision to enable it to escape will actually
escape and not strike the moon and be re-
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TABLE 2. Assumed Cross Sections

M ge), c? cox(H*, M), cm? o, (He*, M), cm? ¥ Z Xoy, cm?
H 4.5 X 1071 2 X 10715+ 3 X 107v7| 1 1.7 X 107
He 3.7 X 1071 2 X 10717t 7 X 10719 1 1.1 X 1071
H.0 5.8 X 1016 2 X 10715% . 0.5 1015
Ne 101¢ 107183 - 0.5 5.0 X 10717
Ar 3.2 X 107 4.4 X 10718§ 4 X 10718] 0.5 4.4 X 1071
Kr 2.5 X 107v7 1.1 X 10715§ 0.5 1.1 X 10718
Xe 2.1 X 10 7.9 X 107'¢§ 0.5 8.0 X 10718

* File et al. [1958].
t Extrapolated, from Sti.- and Barnett [1956].
1 Assumed.

emitted into the atmosphere. Since most of the
atmospheric particles are scattered nearly at
right angles to the incident solar wind direction,
4 = 1 above the subsolar point and y o~ 14
above the limbs. The average over the sunlit
side of the moon’s surface, ¥, will be between
14 and 1 for all gases, being about 1 for light
gases and about 14 for heavy gases.

Charge exchange. We assume that the sunlit
side is positively charged to a few volts, since
solar ultraviolet radiation will cause photo-
emission of electrons from the surface. Because
of the repulsive surface potential, ions will not
be able to recombine on the surface. Since
volume recombination may be assumed negligible
{Weil and Barasch, 1963], the ions formed in the
atmosphere will be swept away by the solar
wind (and the magnetic fields that it carries)
before they are able to recombine. An exception
is the group of particles that undergo charge
exchange and receive enough energy to reach the
positively charged surface and recombine there.
Assuming arbitrarily that the necessary energy
is equal to the escape energy, the cross section
for this event is (1 — v) o', where o, is the
charge exchange ‘escape cross section.” Hence,
the average cross section for actual removal
from the atmosphere by charge exchange is
Oex — (1 - ’7) chl =01

To caleulate 0., the authors assumed the
relation 0.//0: = 0./0.", where the o.. is 2
measured charge exchange cross section. Com-
puted and assumed values for cross sections
and the assumed values for the geometric prob-
ability factor are given in Table 2.

The rate of removal of particles per second
per cubic centimeter of lunar atmosphere is
given by Jn, = Xy, where the sum is over all

§ Extrapolated, from Hasted [1951].
|| Barnett and Stier [1958].

elements contained in the solar wind. For prac-
tical purposes the only important terms in this
summation are those for charge exchange by the
ions H* and He*. Although the reaction He* +
H —> He 4 H* is not nearly as important as the
reaction H* + H — H 4 H*, the term J.yin.0y
{He*, He), for the reaction He* + He — He +
He*, is about six times larger than the term
JneXyo, (H*, He), for the reaction H* 4+ He —
H 4 He'. Therefore, removal of helium from
the lunar atmosphere by charge exchange with
helium is considerably more effective than by
charge exchange with hydrogen, in spite of the
abundance difference. For the gases of H.O, Ne,
Ar, Kr, and Xe, we ignore the difference be-
tween H* and He* in charge exchange and re-
place S Xo, by g, for protons.

Since charge exchange is generally about an
order of magnitude more probable than ioniza-
tion by impact, the latter process has been
ignored.

Photoionization. The photolonization rates
for H and He have been estimated by Hinter-
reger [1960]. We have estimated in a similar
way the rates of photoionization of argon and
neon, and the rates of photoionization and pho-
todissociation of water vapor. The total rates
are given in Table 3. The rate of removal of
particles per second per cubic centimeter of the
lunar atmosphere is then n, £ o®,.

The volume integral in equation 1 may, there-
fore, be calculated as follows:

[ vov = T -t

+ 2 Xo) + D oBo}ng dV
= —BV{J(fo, + E Xa) + Z o®o}ne
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TABLE 3. Rates of Removal by Photoionization
and Photodissociation

Gas Zady

H 4.5 X 1077 /sec
He 1077 /sec
H.,0 1.9 X 10-5/sec
Ne 3 X 107 7/sec
Ar 2 X 10~%/sec

where B is the fraction of the particles in the
atmosphere that are expcsed to the sun assumed
to be approximately 1 for H and He ana 14 for
heavier gases.

Sources of gas from the lunar surface. The
integral over the lunar surface S, of the source
strength J, is the flux of particles of the given
species into the lunar atmosphere due to neu-
tralization and diffuse reflection of solar wind
ions and to actual sources in the lunar surface
crust. We assume that solar wind ions are neu-
tralized when they strike the moon’s surface,
accommodated to the lunar surface temperature,
and re-emitted into the atmosphere, a process
first suggested by Gold [1959] for hydrogen.
We assume that the gases H, He, Ne, Ar, Kr,
and Xe, which are assumed to be present in the
solar wind, are supplied in this way. [Other
gases, for which the Gold mechanism is uncer-
tain because of chemical combination on the
surface (oxygen and nitrogen), were not con-
sidered.]

We assume that water vapor is supplied to
the lunar atmosphere by evaporation from ice
retained on portions of the lunar surface that
are permanently shaded from the sun. This pos-
sibility has been suggested by Watson et al.
[1961]. We have estimated the equivalent source
strength, based upon the entire lunar surface,
to be J, = 1.5 X 10° molecules/cm® sec.

A source for argon in addition to solar wind
accretion, namely, radioactive decay of K*, has
been estimated by Vestine [1958]. After correct-
ing for the decrease in activity over the esti-
mated lifetime of the moon (about twice the
half-life of K*), we have assumed a source

HINTON AND TAEUSCH

strength of J, = 19 x 10° atoms/cm® sec.

We have also assumed further sources of
krypton and xenon from primeval gases trapped
in rocks and released by meteor bombardment,
on the basis of work of Edwards and Borst
[1958]. The equivalent source strengths we have
used are J, = 28 X 107 atom/cm® sec for
krypton and J, = 2 X 10™* atom/em® sec for
Xenon.

To get the expression for the value of the
surface integral, we multiply the solar wind flux
XJ by the cross section of the moon, and multi-
ply the internal source strengths by the area of
the moon:

f J, d8, = XJrr,® + J.dar,
Sl

The third integral in equation 1 is the flux of
thermally escaping particles over the sphere S,
at height k. In the first approximation we may
calculate this flux at the lunar surface, thus
counting in the escape flux some particles that
are also counted in the volume integral, ie.,
particles that will also interact with the solar
wind or undergo photoionization. Assuming the
lunar atmosphere to be a classical exosphere,
with the lunar surface as its base, we use the
formula derived by Jeans [1916] as follows:

_ Pof _rosn fﬁ)
Jr = 4 e (1 + 7
where & = V/8kT/wm, the mean thermal speed.
The third integral, therefore, becomes
f J;dS, = moznoc'e."'”(l + E)
S h
Equation 1 can now be written as follows:
AN _ L dng
at —  dt
= —BV{JGFon' + 2. Xo) + 2 ado}no
+ ){:’7[""()2 + J.47I'T02 - Wozn()ée_ro,h<l + r_}‘:>

When J is constant in time, the solution n.(t)
is an exponential which decays or rises from any
initial value to the equilibrium value

XJary® 4 J,Axro”

Ny =

BV{J(Fon' + 20 Xo) + 2 o®o} + m?ée“'°“(1 + "7‘;)

with a relaxation time of
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T o=

We have used the above method to calculate
7l as a function of solar flux J for seven different
gases. The results are shown in Figure 1 for all
except krypton and xenon, for which the equi-
librium densities are only 0.38/cm® and 0.057/
cm’, respectively, when the total solar wind
flux is as high as 10*/ecm® sec.

In the weak solar wind regime, from J = 10"/
cm” sec to about J = 10°/cm”® sec, the main con-
stituents of the lunar atmosphere are argon and
neon, with argon approximately constant at
about 5 X 10"/cm® and neon increasing linearly
with J. Hydrogen and helium are also present in
appreciable amounts and increase linearly with
J, the important removal mechanism being the
Jeans escape flux. The amount of water vapor

7,

ﬂV{J(’Y—Uel’ + Z Xa’,) + Z 0-@0} + m02Ee-r./h<l + 1‘_;:)

is approximately constant at about 2 X 10°/em®.
The densities of water vapor and argon do not
vary appreciably in this regime because the pri-
mary sources are contained in the moon and the
most important removal mechanism is the solar
ultraviolet radiation, assumed to be constant.

In the intermediate solar wind regime from
J = 10°/em® sec to J = 10"/cm® sec, the densi-
ties of argon and water vapor begin to decrease,
owing to the increasing effectiveness of solar
wind removal. The accretion from the solar wind
continues to increase the densities of neon,
helium, and hydrogen.

In the strong solar wind regime from J =
10"/em® sec to J = 10”/cm® sec, the density of
water vapor approaches a linear decrease with
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Fig. 1. The average atmospheric particle density near the lunar surface as a function of the
solar wind flux.
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J, since the solar wind is now the most impor-
tant removal mechanism. The accretion of argon
from the solar wind begins to be important in
this regime, and a saturation density of about
2 x 10°/cm® is reached when rates of accretion
and removal by solar wind become equal. The
densities of neon, hydrogen, and helium saturate
similarly at 2.8 X 10%/em?® 3.1 X 10°/cm®, and
1.5 X 10°/cm®, respectively, for large values of
J, independent of how strong the solar flux may
become. The total number density of gas from
the sources considered here will, therefore, not
exceed 2.1 X 10°/cm®,

The relaxation times are also functions of J,
being relatively long for small values of J and
short for large values of J. Hence, the density
of lunar atmosphere will be unaffected by fluc-
tuations in J lasting less than a few hours when
the solar wind is weak, will be sensitive to almost
any variation in J for larger values of J, and
will again be insensitive to variations in J when
the saturation region is reached.

CHARGED PARTICLES

For ionized particles, the integrals in equation
1 are calculated in a way similar to that for
neutral particles. The volume integral consists
of two parts: the source of ions from photoion-
ization and charge exchange of neutrals, and the
loss of ions swept away by the solar wind:

fffsdv = BVnO[J > Xog + 2 a@o]
— Vine, Jos

where o, = 0. —0.. The scole volume V, for
ions is calculated by assuming a scale height
hy = kT./m.g, where we have chosen the ion
temperature to be 1500°K. The effective jon
mass m, to be used here is half the neutral par-
ticle mass, because of the very large scale height
of clectrons and the electric field which tends to
establish electrical neutrality. The charged par-
ticle scale height, therefore, becomes 10 times
the neutral particle seale height, and the scale
volume is also considerably larger. Hinton and
Tacusch [1962] have obtained the formula

1.73 X 107",
gy = m—)g— cm

for the escape cross section for ions by elastic
collision with solar wind particles.

HINTON AND TAEUSCH

The integral over the surface S, was assumed
to be zero, thus neglecting recombination on
the lunar surface. The integral over the surface
S, is calculated using the Jeans formula and
multiplying by half the surface area of the moon,
since few ions will exist on the dark side of the
moon:

_ 2| Moils —rorns To
fs’ JJ dSa—' 21”'0[ 4 [ (1+h,>]

Using equation 1, the requirement that the
ion density be constant in time becomes

dny,

dt
= BVnolJ X Xaz + > o0& — Ving Joy

Vs

2
__ T P Al To} _
2 no,C.e (1 + h,) 0

so that the equilibrium value is
BVn[J X Xos + 2 o]
2 r
V.’J(Ta + 11'_1'20_ c.e a/h.(l + ’,f)

Ng; =

The calculations show that the only gases that
contribute appreciably to the ionosphere are
neon and argon. The results are shown in Fig-
ure 1, with the neutral gas results. For values
of J < 10*/cm® sec, the ionosphere is primarily
Ar*, at a density of about 300/cm®. For 10/
em® see < J < 10%/cm® see, Ne* becomes the
predominant constituent of the ionosphere, its
density increasing linearly with J. In deriving
these results, we have neglected the effect of the
magnetic field carried by the solar wind, which
will be very effective in sweeping away the ions
in the lunar ionosphere. For larger values of J
than about 10"/cm® sec, the ion density may
well decrease with increasing J. We have also
neglected the removal, by electrostatic repulsion,
of ions formed within the screening length near
the moon’s positively charged surface, since the
number of ions formed within the screening
length is small compared with the number
formed within the scale volume. As given by
Opik and Singer [19607, the ratio of scale height
to screening length for Xe, the heaviest molecule
considered, is 10°. The time constant for removal
of the entire exosphere for this mechanism is
approximately 10° years, assuming no sources of

“®
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gas, whereas the time constant, or relaxation
time, for the mechanisms considered in this
paper is of the order of 12 days for the heaviest
molecules.
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